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ABSTRACT

Redwine, James Gerhardt. Ph.D., Purdue University, December 2013.
Construction and Demonstration of a Tandem Mass Spectrometer Based
Instrument for Cold Ion Spectroscopy. Major Professors: Scott McLuckey &
Timothy Zwier.

A new instrument incorporating ion trap based tandem mass spectrometry
and cold ion UV and UV-IR double resonance spectroscopy has been developed
at Purdue University for the study of gas phase, biologically relevant ions. The
instrument incorporates multiple quadrupole linear ion trap mass analyzers to
prepare and isolate the precursor ions as well as to analyze the resultant
photofragments. A 22-pole ion trap cooled to 5 K via a closed cycle helium
cryostat is used to cool the ions for spectroscopic interrogation. Results show
the vibrational and rotational temperature of a wide assortment of ions to be 12±2
K.
The capabilities of the instrument are confirmed using the protonated
amino acid tyrosine (Tyr), following precedent established in the literature. The
UV spectrum shows 12±2 K ion temperatures and signal to noise comparable to
previous studies presented in the literature. A novel mode of UV photofragment
spectroscopy is presented which allows for the observation of all photofragments,
whereas previous methods observe the fragmentation of a single mass channel.

xii
The infrared capabilities of the instrument are proven using the model
pentapeptide leucine enkephalin (sequence YGGFL). Infrared spectra
demonstrate a single conformation being present, with a reinforced hydrogen
bonding scheme involving the N- and C-terminal groups. A novel mechanism for
obtaining IR spectra of all conformations present in an ion population is
demonstrated, with significant increases in signal to noise when compared to
depletion type measurements.
A novel, miniaturized ion funnel type ion funnel is briefly described. The
ion funnel is compatible with established ion sources within the laboratory and
demonstrates a ~7x increase in ion signal. Briefly, data and considerations
regarding cold ion spectroscopy within a modified 3D ion trap is presented. Ion
temperatures were found to be limited to a minimum of 50 K due to the additional
RF heating associated with a quadrupolar trapping field.
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CHAPTER 1. INTRODUCTION: TANDEM MASS SPECTROMETRIC
INSTRUMENTATION WITH ION TRAPS

This chapter will focus on the theory and application of quadrupolar field
ion traps in mass spectrometry. The governing forces behind ion stability in both
2 and 3 dimensional quadrupolar field will be briefly described, followed by the
analytical capabilities enabled by these devices. While other analyzers and
instrument configurations are also widely used for tandem mass spectrometry,
only the types of devices found on the newly constructed ion spectroscopy
instrument at Purdue.

1.1

Quadrupole Ion Traps

The various geometries of mass analyzers which can be classified as
quadrupole ion traps have proven to be valuable mass analyzers in the broader
world of mass spectrometry instrumentation. In a quadrupole device the ions are
subjected to an electric field consisting of two 180 degree out of phase sine
waves applied in orthogonal dimensions. The resulting fields can be described
by equation 1.1.
cos
Where U is an applied DC offset, V is the amplitude of the sinusoidal
waveform in volts from zero to peak and ω is the angular frequency of the

(1.1)

2
applied waveform. When the motion of a positively charged ion in this field is
solved under conditions satisfying the Laplace condition the results will be as
shown in equation 1.2.

cos

0

2

2
2

cos

2
0

0

(1.2)

These solutions are of the form first established by the physicist Mathieu
in 1866, shown in equation 1.3.1
2

cos 2

0

(1.3)

By comparing equations 1.2 and 1.3, values for au and qu, which are
related to the mass to charge of the ion and experimental parameters, can be
obtained.
(1.4)
These equations will later be used to define the conditions under which
ions are stable in a quadrupolar field of a certain geometry.

1.1.1 Linear Quadrupole Ion Traps

1.1.1.1 Device Geometry and Stability
The most common type of quadrupole device consists of a set of 4 parallel
hyperbolic or round rods inscribing a radius, r0. In these devices, a rod pair is
defined by two opposing rods, and the rod set consists of all four rods, as seen in
Figure 1.1. The long axis of the rodset defines the z-axis with the x and y-axes
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being defined as the dimensions collinear with a line connecting the center of the
two rods of a rod pair. When 180° out of phase waveforms are applied to the rod
pairs a quadrupolar field is established in the x-y plane.

Figure.1.1: Schematic of a round-rod quadrupole rodset defining the x and y axes
and r0.

An ion’s motion is considered stable if the stability parameters au and qu
are such that the radius of ion motion is less than the physical radius inscribed by
the rodset, r0. By solving for the au and qu values at these boundary conditions,
Figure 1.2 can be obtained.2
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Figure 1.2: Solution for regions of stable ion motion along x-axis (negative going
regions) and y-axis (positive going regions). Reproduced with permission from
Blaum, K., Physics Reports, 2006, 425, 1.

The regions of overlap in Figure 1.2 correspond to values of au and qu for
which ion motion is stable in both the x and y-axis in an applied quadrupolar field.
Since increased au and qu values correspond to increased DC and RF voltages,
respectively, the region labeled “I” is typically used for mass analysis. This
region is shown in greater detail in Figure 1.3.
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Figure 1.3: More detailed view of stability region “I” from Figure 1.2. Reproduced
with permission from Blaum, K., Physics Reports, 2006, 425, 1.

Some values of further interest from the solution of the first stability region will be
discussed over the following sections.

1.1.1.2 Trapping and Mass Analysis from the Device
There are two modes of mass analysis available to a linear quadrupole
device. The first and most common mode is operating the device as a mass filter.
In this mode the DC and RF potentials are set such that an ion of a particular
mass passes through the “apex” of the stability region (au=0.237, qu=0.706). At
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these au and qu values only ions of a single m/z value will have stable motion in
the x-y plane and be able to traverse the length of the device and be detected.
By scanning the DC and RF potentials at a fixed ratio while continually passing
ions through the device a spectrum corresponding to each of the individual m/z
values present in the population can be obtained. This mode is referred to a
mass stability scan.
The second mode of mass analysis involves first trapping the ions within
the device. Trapping can be accomplished by applying repulsive potentials to ion
lenses on the entrance and exit sides of a quadrupole held at an elevated
pressure. The ions will collide with the room temperature bath gas, losing energy
with each collision until they no longer possess sufficient kinetic energy to
overcome the repulsive barriers. Ions will be trapped in the xy-plane as long as
their au and qu values are within the stability region. Practically, trapping typically
will be done at au=0, which will result in ions having stable motions for values of
qu such that 0≤qu≤0.908. The mass to charge ratio corresponding to qu=0.908
will be the smallest m/z stable in the trap and is referred to as the Low Mass
Cutoff (LMCO). Once trapped the ions adopt an oscillatory motion within the trap.
The frequency of this motion is dependent on the β value of the ion, which is
proportional to the qu value. By applying an auxiliary waveform at this secular
frequency in a dipolar fashion across one of the rod pairs the ions can be
selectively excited according to their m/z value. This excitation can lead to high
energy collisions with the background trapping gas, or ejection from the trap.
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∗

(1.5)

In 2002, Dr. James Hager of the MDS Sciex company first demonstrated
the effective use of axial ejection from a quadrupolar linear ion trap (LIT).3 This
original description used a typical triple quadrupole mass spectrometer with
modifications allowing for the application of trapping potentials to the entrance
and exit electrodes, and the application of a dipolar excitation waveform to a pair
of rods. Trapping efficiencies were shown to be >90% for typical pressures and
ion injection energies. Ejection efficiency was shown to be approximately 20%
for an optimized set of ejection conditions.
The mechanism for this mass selective axial ejection (MSAE) was
described in detail by Hager and Londry in 2003.4 Briefly, the interaction of ion
motion with the fringe fields established by the drive RF and auxiliary waveforms
applied to the device interacting with the DC field from the trapping lens will lead
to the conversion of radial energy, induced by the dipolar excitation, to an axial
energy. When this axial energy is high enough to overcome the trapping
potential the ion will be axially ejected from the trap.
The resonant dipolar excitation of ions at their secular frequency can be
utilized for purposes other than ejection from the trap. First, by applying the
auxiliary waveform at a lower β value higher masses will be excited at a given RF
amplitude. This fact can be used to extend the scannable mass range of an
instrument where the available RF amplitude would normally be insufficient.5
The dipolar excitation is also the foundation of tandem mass spectrometry
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experiments in a quadrupole ion trap. By applying the excitation waveform at an
amplitude less than what is required for ejection the ion will undergo energetic
collisions with the background gas, depositing energy into the ion. If the rate of
internal energy deposition is greater than the rate of collisional cooling during the
low amplitude portions of the waveform, the internal energy of the ion will
continue to increase as long as the waveform is applied. Eventually this heating
can induce unimolecular dissociation and result in fragment ions. This process is
known as ion trap type collisional induced dissociation (CIT or IT-CID).6

1.1.2 3-D Quadrupole Ion Traps
An alternative ion trap utilizes a 3-dimensional quadrupolar field to
constrain the ion motion. The 3-D quadrupole ion trap (QIT) was introduced by
Paul in 1960 as an ion storage device.7 This original design was modified by the
Finnigan company to improve the characteristics of the device as a mass
analyzer.8 A QIT consists of three electrodes, shown in Figure 1.4.
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Figure 1.4: Schematic of a QIT with hyperbolic electrode surfaces and RF
trapping waveform applied to ring electrode. Reproduced with permission from
Blaum, K., Physics Reports, 2006, 425, 1.

The central electrode, or ring electrode, is a ring with a hyperbolic crosssection and generates the trapping potential in the radial, or r, dimension. The
other two electrodes are referred to as the end cap electrodes and each have
hyperbolic inner surfaces. The field generated by these two electrodes is
responsible for trapping ions in the axial, or z, dimension. In typical operation an
AC waveform is applied to the ring electrode to generate a quadrupolar field
within the device. The derivation of the stability parameters differs only in the
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use of radial and axial coordinates and results in the following a and q
parameters:
(1.6)
The positive a and q region of the stability diagram generated for a QIT is
identical to the solution for a linear quadrupole device shown in Figure 1.3. Since
all work contained in this thesis was carried out in this portion of the stability
space the full stability space for a QIT will not be shown.
Ions are typically, although not exclusively, injected and ejected through
holes placed in the end cap electrodes. The introduction of these holes in the
hyperbolic surface causes significant perturbations to the quadrupolar field within
the device. This perturbation can be minimized by altering the geometry of the
trap in order to introduce higher order fields (e.g. hexapolar, octapolar) to cancel
out the effect of the hole on the fields. Two common alterations are stretching
the axial dimension of the trap (changing the r0/z0 ratio), or by altering the relative
positions and intersection of the projected asymptotes from the hyperbolic
electrode surfaces. These techniques have been demonstrated to adequately
compensate for the effects of the field perturbations on the behavior of the ion
population during resonant ejection from the trap.
Contrary to a linear quadrupole device, where there is no quadrupolar field
along the injection axis, ions being injected into a QIT through the endcap will
experience the RF field immediately upon crossing the threshold of the entrance
aperture. This has two significant impacts upon the ions being injected into the
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trap. The first is that the ions are typically injected with 5-20 eV of energy, thus
can only overcome approximately that much barrier to entry. This limits the total
phase angle of the applied RF waveform that the ions can successfully be
injected into the trap. Due to this limitation the injection efficiency of a QIT is
limited to 5-10%, under typical conditions where the endcaps have no applied DC.
The second consequence of the RF field on injected ions is that the low
amplitude motion of the ions at the trapping frequency, termed the ‘micromotion,’
will be briefly excited at the threshold of the entrance aperture and can lead to
energetic collisions with the background trapping gas. These collisions will lead
to the deposition of internal energy, or heat, into the ions. This can manifest as
the evaporation of solvent clusters or, in more severe cases, unimolecular
dissociation of the ion of interest. In a QIT device operated as a mass
spectrometer typically a mass selective instability scan is used, much the same
way as in an LIT. An auxiliary waveform on the order of 3-10 V0-p is applied 180°
out of phase to the two endcaps, establishing a dipolar excitation at a specific β
value. The drive RF amplitude is then ramped to bring successively larger m/z
values into resonance with the dipolar excitation waveform at which point the
ions will be excited and exit the trap along the z axis to be detected. Since the
waveform and trap are symmetric in the z dimension the ions have equal
probability to be ejected through each end cap. Since detection along the
injection axis is impractical this results in a maximum detection efficiency of 50%.
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1.2

Electrospray Ionization: Theory and Practice

A mass spectrometry consists of four basic components. The previous
section focuses on the mass analyzers that will be used throughout the work
described in this thesis. The vacuum system and data collection shall be
described later. The forth component of a mass spectrometer is the ion source.
The introduction of electrospray ionization (ESI) in 1989 by John Fenn
revolutionized the study of large biomolecules in mass spectrometry.9 The theory
and practical considerations of the ESI mechanism will be briefly described in this
section.
In an ESI source a potential on the order of 1-4 kV is applied to a capillary
containing a solution of the analyte of interest. This potential causes charge to
buildup at the surface of the droplet at the end of the capillary. The coulombic
repulsion of the charges will cause the droplet to elongate and, eventually, begin
emitting small, highly charged droplets from a triangular “Taylor” cone. The
surface charge density of the droplets will increase as solvent molecules are
driven off via evaporation until it reaches the Rayleigh limit, given by equation 1.7
with q designating the charge of the droplet, σ is the surface tension of the
solvent and ε is the permittivity of free space.
64

(1.7)

When a droplet’s charge reaches this limit it will undergo coulombic fission,
forming a new Taylor cone and emitting smaller, daughter droplets. The
daughter droplets will contain approximately 2 % of the parent droplet’s volume
but 15 % of the charge.10 As more solvent is driven from the droplet the process
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will repeat until psuedomolecular ions are formed. The nature of these ions are
typically protonated in the positive mode and deprotonated in the negative mode,
however other charge bearing species may adduct to a neutral and form an ion
(such as sodiated analyte in the positive mode).
There are two currently accepted models for ion formation from the
droplets: ion evaporation and charge residue. In the ion evaporation model the
analyte becomes ionized in late stage droplets and resides near the surface. As
the charge density increases, eventually the field is strong enough to lower the
barrier to desorption from the droplet surface. This model is accepted mainly in
cases of small surface active analytes.11 In the charge residue model the analyte
remains in the droplet until nearly all of the solvent molecules are driven off. In
this case the charge carriers present in the droplet will be deposited onto the
ionizable sites of the analyte. This model fits larger analytes with high barriers to
direct desorption from the droplet surface.12 The mechanistic details to ion
formation from an electrospray droplet are complex and subject to much study
and debate.
Once ions are formed they must be sampled by the mass spectrometer.
This presents the technical challenge of taking ions from atmosphere and
analyzing them at a pressure of 10-3 to 10-8 Torr, depending on the type of mass
analyzer. This is accomplished through multiple stages of pumping before the
ions get to the analyzer. The first component of the vacuum system the ions
must pass through is a sampling orifice or nozzle. This nozzle couples the first
differentially pumped region to the atmospheric source region, thus the size will
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be determined by the desired efficiency of sampling the ESI plume and the
available pumps. Typically this region is held at 0.5-5 Torr by moderate roughing
pumps, resulting in nozzle diameters on the order of a few hundred micrometers
in diameter. This is roughly 1000 times greater than the mean free path of
particles at atmospheric pressure, resulting in a supersonic flow of gas through
the sampling orifice. Sampling of supersonic expansions has been well
described in work involving molecular beam, and typically involves using a
skimmer to sample the expansion before the mach disk. The ‘nozzle-skimmer’
type interface is prevalent in mass spectrometers coupled to atmospheric
pressure ionization (API) sources. Recently there have been many examples of
API interfaces that utilize strong field focusing to sample the entire expansion,
instead of simply skimming a portion of it. Examples of these interfaces include
ion funnels, which will be discussed later in this work.
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CHAPTER 2. INTRODUCTION: COLD, GAS PHASE SPECTROSCOPY

This chapter will briefly introduce the motivations and techniques
commonly used in gas phase spectroscopy of cold species. It will then detail the
motivations for coupling these techniques with cooled ion traps and introduce the
cold ion spectroscopy techniques developed for the instrument. Only techniques
which will be demonstrated in this thesis are described.

2.1

Techniques and Considerations

Gas phase spectroscopy has been shown to be a very powerful technique
for acquiring high fidelity information of the structure chemical species. The
primary strength lies in the ability to isolate the species of interest away from
solvent and other species present in the system. This leads to a simplification of
the spectroscopy of the analyte by reducing the spectral inhomogeneous
broadening associated with the multitude of chemical environments present in
the condensed phase, along with the reduction of chemical noise and matrix
effects. The largest challenge introduced by gas phase spectroscopy is one of
detection. In the gas phase the number density of analyte is necessarily several
orders of magnitude lower than the concentrations present in the condensed
phase. This leads to a reduction in signal to noise ratio available with absorption
spectroscopy by the same factor, according to Beer’s law.
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For electronic and vibrational spectroscopy a method of recovering some
of this signal is cooling to very near absolute zero, which is impractical in the
condensed phase. By cooling to very cold internal temperatures the Boltzmann
distribution of populated vibrational states will be collapsed to the zero point
energy level of the ground electronic state. With high resolution techniques this
collapsed population can be directly probed with high signal to noise.
Since direct absorption measurements techniques are incompatible with
the number densities present in the gas phase, action spectroscopy is typically
used. In cold, gas phase action spectroscopy an intense light source (e.g.
tunable laser) is used to maximize absorption, and some action is used as the
indicator that an absorption event has occurred. Common action events used
are resonant enhanced multiphoton ionization (REMPI), laser induced
fluorescence (LIF), or UV photo-induced fragmentation (UVPD).

2.2

Cooling Techniques

The spectroscopic study of molecules cooled in a supersonic jet
expansion has been a very useful tool since the early 1980s.1 In these
techniques the analyte is entrained in a high pressure buffer gas and expanded
through a small orifice. Typical operating parameters are a few atmospheres
neon or argon expanded through an orifice on the order of a hundred microns.
This results in efficient cooling in the area between the orifice and the mach disk,
as discussed in the ESI mechanism in Chapter 1. These cold molecules can be
skimmed and introduced into a high vacuum regime where the collision free
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environment prevents rethermalization of the molecules. This molecular beam
can then be interrogated with tunable light sources to obtain the spectrum.2 The
largest disadvantage in free jet expansion cooling of molecules is that the cooling
capacity of the expansion is determined by the relative size difference between
the analyte and the buffer gas. Recent studies employing laser desorbed peptide
molecules have shown difficulty in cooling polypeptides with flexible sidechains.3
A lesser challenge is obtaining adequate vapor pressure of larger species to
entrain the molecules directly in the buffer gas. Thermal degradation of the
analyte is the limiting factor in large species. Recent advances in laser
desorption methods have largely aided in this challenge.3
An attractive combination of technologies would be to couple the cold
spectroscopy methods with the wider range of gas phase analytes available
through ESI. This crosses into the relatively new realm of cold ion spectroscopy.
Ions trapped in a variety of ion trap geometries have been interrogated with light
in various fashions.4,5,6 By designing an ion trap to be attached to a cold head
one can physically cool the trap to a great degree. By pulsing the trapping gas
into the cooled trap before the ions arrive the gas will be cooled by collisions with
the trap wall. When the ions are then introduced into the trap they will collide with
the cold trapping gas and be sympathetically cooled to a temperature very near
the physical trap temperature. The final temperature of the ions will be
determined by the physical trap temperature, the efficiency of sympathetic
cooling, and any heating from electrodynamic fields or background blackbody
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radiation. Several designs for cold ion traps have been described by Gerlich and
have found use in various instruments.7

2.3

Spectroscopic Methods

There are several established techniques for obtaining the maximum
spectroscopic information from a given analyte in gas phase spectroscopy. The
methods emphasized in this work are UV photofragment spectroscopy and
various forms of IR-UV double resonance spectroscopy.

2.3.1 UV Photofragment Spectroscopy
In UV photofragment spectroscopy the ion population trapped in the cold
trap is exposed to a single pulse of UV light, typically from a frequency doubled
pulsed dye laser. After each pulse the population of ions is subjected to mass
analysis to determine if fragmentation was induced by the UV pulse. This
wavelength specific fragmentation is the action event indicating that absorption
has occurred. However, fragmentation is not the only pathway available to an
excited ion, and not all ions fragment via the same mechanisms. The various
pathways are summarized in Figure 2.1.
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Figure 2.1: Schematic diagram of processes available upon UV excitation of the
ground state ion, (M+H)+.

In Figure 2.1 there are three main processes shown upon UV excitation of
the ground state ion, (M+H)+ to the first excited state, S1. The green arrow
represents fluorescence back to the ground state. This pathway is silent in UV
photofragment spectroscopy. There are two fragmentation pathways shown
which will lead to signal in a photofragment mass channel. The first is electronic
predissociation, where the system crosses onto a dissociative electronic state via
a conical intersection. The system then progresses along this surface and
eventually fragments; in this diagram this fragment is labeled as “Frag 1.” These
fragments tend to be unique to UVPD and involve fragmentation localized near
the UV chromophore.8 A second pathway to fragmentation involves an internal
conversion, labeled “IC,” to a very highly excited vibrational level of the ground
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electronic state, well above the critical energy required for fragmentation. In this
case the system progresses along the ground electronic state surface and
eventually undergoes fragmentation via unimolecular dissociation. These
fragments tend to be cleavages of the lowest energy bonds, much like CID type
MS/MS experiments.8 Due to the multitude of fragmentation pathways available
to the excited system, UV photofragment mass spectra can be quite congested.

2.3.2 IR-UV Double Resonance Spectroscopy
The UV photofragment spectrum will contain a series of absorptions
corresponding to the electronic origin, where the electronic level increases by
one with no net change in vibrational levels, and sequence vibronic bands built
off of this. These vibronic bands will correspond to transitions between S00 and
excited low energy vibrational levels in the excited state, such as a S14S00
transition. Thus, these vibronic bands will contain information of the low energy
vibrational modes of the excited state, but no information regarding the ground
state. The intensity ratios of these vibronic bands to the electronic origin band
will be dependent on the Franck-Condon overlap between the ground and
excited states. If there is a long progression of these vibronic bands there is a
significant change in equilibrium geometry between the ground and excited
electronic states. Conversely, if there is a short progression the ground and
excited state geometries are similar. The ground state vibrational information
must be accessed through IR spectroscopy. In the work presented here, this is
accomplished via IR-UV double resonance spectroscopy. In this technique a
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tunable IR laser irradiates the ions of interest spatially overlapped with the UV
beam, but approximately 100 ns before the UV beam which is fixed at a single
wavelength. When this UV wavelength is resonant with a cold transition, the
resulting experiment will be described as IR-UV depletion spectroscopy. If the IR
photons are resonant with a ground state vibration this will remove population
from the zero point energy level and will result in a depletion in the population of
ions resonant with the UV pulse. This will in turn lead to a dip in the UVPD signal.
Since the UV transitions of conformational isomers, or conformers, will be
separated at cold temperatures, the IR spectrum generated by the series of
these IR induced dips will be specific to the conformer selected by the UV
wavelength. By fixing the UV wavelength on each peak through the spectrum,
the IR spectrum of each individual conformer can be recorded. The schematic of
this experiment is presented in Figure 2.2.
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Figure 2.2: Schematic diagram of UV-IR depletion double resonance
spectroscopy.

An analogous IR-UV experiment developed in the laboratory to obtain an
IR spectrum of all conformers present is described as IR-UV gain spectroscopy.
In this experiment the UV wavelength is fixed red of the origin transition. The
laser timings remain the same. When the IR photon is resonant with a transition
the ion will absorb, which will lead to a broadening of the UV absorption spectrum
due to inhomogeneous energy redistribution. This broadening will induce UV
absorption at the wavelength selected and lead to fragmentation. This method
will lead to an IR gain spectrum corresponding to the combination of the IR
spectra of all conformers present. The energy level diagram is presented as
Figure 2.3.
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Figure 2.3: Schematic for IR-UV Gain Spectroscopy experiment.

The lack of conformer specificity in the IR-UV gain spectroscopy
experiment can make interpretation of the spectrum intractable in cases with a
large number of stable conformers. The advantage to the IR-UV gain method is
the inherently higher signal to noise of acquiring a gain in signal on a small
baseline versus depletion in high signal as in IR-UV depletion. This makes the
IR-UV gain experiment attractive as a survey technique on a chemical system
which is new to the instrument.

2.3.3 Result Interpretation
The results of the IR spectra contain information regarding the structure of
the ion of interest, however they will not directly lead to a structural assignment.
There are 5 main chemical areas of interest which are commonly scanned in IR-
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UV double resonance spectroscopy. The region of 2800 cm-1 to 3700 cm-1
covers the hydride stretch region which will contain the C-H, N-H (including
ammonium N-H+) and O-H stretches. The C-H region is often too congested for
detailed information to be gained for large systems (>200 Da). The N-H and O-H
regions provide valuable information regarding the hydrogen bonding
environments of the N-terminus, backbone amide N-H groups and C-terminus in
peptide ions. As the strength of a hydrogen bond increases the vibrational
frequencies of the groups involved tend to red shift, broaden and gain intensity.
The 1000-1800 cm-1 region contains the amide I and amide II regions. The
amide I region (1600-1800 cm-1) is dominated by the backbone amide C=O
stretches. Due to the more harmonic behavior introduced by the double bond
these groups tend to be very well modeled by DFT which can make them
valuable for structural assignments. The amide II region (1450-1600 cm-1)
contains the backbone amide N-H bends. For larger polypeptides (n>3), this
region can be very congested especially if multiple N-H groups are coupled. This
leads to the value of this region being system dependent.
The structure determination is made by comparing the experimental
spectra to scaled simulated spectra determined by high level density functional
theory (DFT) DFT calculations. The workflow for calculating these spectra starts
with a force field based conformational search. The constrained systematic rotor
search function in MacroModel (Schrodinger Maestro suite, Cambridge MA) is
performed with a maximum number of iterations of 10,000 and a 0.0001 energy
convergence criterion. The 50 lowest energy structures from the conformational
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search are then subjected to DFT calculations at the MO5-2X/6-31+G(d) level.
The Gaussian09 suite of computational software is utilized, a tight convergence
criterion and an ultrafine search grid are specified.9 The output structures of the
DFT calculation will then be scaled to correct for anharmonicity in the
experimental vibration positions and visually compared to the experimental
spectrum. Typically visual inspection is sufficient to determine which calculated
structures are consistent with the experimental results. If not, isotopic
substitution of the analyte may aid in confirming peak assignments.

2.3.4 Radiation Sources
For the described experiments two tunable, high power light sources are
required, one in the UV and one in the IR. For all UV work presented in this
thesis the frequency doubled output of a Nd:YAG pumped pulsed dye laser is
used. For all IR work presented in this thesis the output of a Nd:YAG pumped
broadband OPO/A is utilized.
The pump lasers for both systems are Q-switched Nd:YAG solid state
lasers (Surelite IIIEX, Continuum, Santa Clara CA and Brilliant B, Quantel,
Bozeman MT). The fundamental output of these lasers is 1064 nm (9398.5 cm-1),
with the wavelengths of 532, 355 and 266 nm being accessible through second
harmonic generating crystals (SHG) and summed frequency generating crystals
(SFG).
The pulsed dye lasers (ScanMate Pro, Lambda Physik) utilize an organic
dye molecule in a methanol solution as the lasing medium. Briefly, the
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appropriate frequency output of the pump Nd:YAG laser is introduced (532 nm
for ‘red’ dyes and 355 nm for ‘blue’ dyes) into the body of the laser and through a
variety of optics irradiates two cuvettes through which the dye solution is
circulated. In the first cuvette a portion of the pump beam is used to excite the
dye, the fluorescence of which is projected onto a grating and a single
wavelength is selected. This wavelength is then used to facilitate stimulated
emission of the excited dye solution in the pre-amplifier portion of the first cuvette
and the second, amplifier cuvette. By changing the grating angle one can tune
the laser output through the emission curve of the dye molecule. The range of
wavelengths available is dependent on the fluorescent characteristics of the dye
at the excitation wavelength of the pump laser and is typically on the order of 815 nm in the visible. To obtain the UV wavelengths the visible output of the laser
is collimated through an angle tuned doubling crystal. The final power output will
be a function of the pump wavelength power, quantum yield of the dye at the
selected wavelength and doubling efficiency of the crystal at the selected
wavelength. For red dyes such as Rhodamine 6G typical UV output power is 1-5
mJ/pulse over the dye range of 555-575 nm in the visible (277.5-287.5 nm in the
UV).
For generation of tunable IR light an optical parametric oscillator/amplifier
(OPO/A) is utilized (Laservision, Bellevue WA). The OPO/A is an entirely solid
state device utilizing two stages of angle-tuned non-linear optical crystals. The
OPO/A is pumped with the fundamental output of the Nd:YAG pump laser. For
better beam quality and narrower output bandwidth this Nd:YAG is typically
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injection seeded. The OPO and OPA stages can be considered separate stages
of photon generation and will be briefly described herein. The first optical
element of the OPO/A is a beam splitter which passes a portion of the 1064 nm
input beam onto the later OPA stage and reflects the rest of the 1064 90° and
irradiates the face of a SHG crystal. The resulting 532 nm light is then collimated
through a pair of angle tuned crystals which make up the OPO stage. In these
crystals the 532 nm photons are ‘split’ asymmetrically, resulting in a high
frequency (‘blue’) photon and a low frequency (‘red’) photon. By convention the
blue photon is referred to as the ‘signal’ and the red photon is known as the ‘idler.’
For the wavelength regimes utilized in this instrument only the idler is needed.
The idler output of the OPO stage is then collimated through the 4 angle tuned
crystals which make up the OPA stage. The OPO output idler is mixed with the
residual 1064 nm fundamental at this point to once again create two different
photon energies, which sum to the 1064 nm energy. The same signal vs. idler
designation is applied here. For experiments in the ~2400-4000 cm-1 region the
idler output is utilized. For experiments in the 1000-2400 cm-1 region the signal
and idler outputs must be further mixed via an angle tuned AgGaSe2 crystal. A
photograph labeled to show the approximate treatment of the photons is
presented as Figure 2.4.
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Figure 2.4: Photograph of OPO/A with beam path illustrated and wavelengths of
input beam labeled. The arrows representing the loss of the signal beams is not
representative of the true beam path.

By convention, the software controls of the OPO/A utilize the signal output
of the OPO stage as the master wavelength. This requires that the user of the
instrument convert from the wavelength of the spectrum (idler from OPA stage)
to the signal from the OPO in order to fix the OPO/A at a resonant wavelength for
optimization purposes. The derivation to recover the OPO signal frequency from
the OPO idler frequency is shown below.

9398.5

18767

After rearranging, one arrives at the final expression below.

(2.1)
The resulting

OPOsignal value is what must be input into the OPO/A software to obtain the
OPAidler output corresponding to the spectroscopy software output.
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9398.5

(2.2)

The output power of the OPO/A is in part determined by the frequency. Typically
the OPA signal and idler power is in the 30-50 mJ/pulse regime, with about a
third of that being in the idler. Output from the AgGaSe2 mixing crystal is typically
0.5-1.5 mJ/pulse. In order to prevent power losses due to atmospheric water
absorption the beam path of the IR laser is typically purged with N2, especially in
the 1000-1800 cm-1 range.
Since the UV wavelength causes the fragmentation event only a single IR
photon is required to obtain the IR spectrum. In this way the IR spectra can be
described collectively as IR modulated UV photofragmentation spectra to avoid
confusion with techniques such as IR multiphoton dissociation spectroscopy
(IRMPD) or messenger tagging spectroscopy methods.
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CHAPTER 3. CONSTRUCTION AND CAPABILITIES OF THE INSTRUMENT

This chapter will focus on the construction of the ion spectroscopy
instrument at Purdue University. Funding began in 2008 for the instrument with
construction of the vacuum system beginning in spring of 2009 with Timothy
Zwier and Scott McLuckey as co-PIs. It was at this early stage of development
that I was placed in charge of the construction and development of the
instrument. The instrument was at least partially motivated by the 2006
demonstration by Thomas Rizzo at the EPFL in Lausanne, Switzerland.1 The
goal of the project was to build a flexible platform capable of taking cold UV
action and IR-UV double resonance spectra of biologically relevant ions
generated via nano-electrospray. The instrument was to be capable of MSn
analysis with the goal of also including the capability to perform ion/ion reactions.
The degree of versatility required by the end goal and modest available
budget required extensive use of homebuilt electronics. Some components were
available through previous designs used in the McLuckey and Zwier laboratories,
but many of the components used in this instrument were new designs requiring
significant design, fabrication and troubleshooting effort.
Recent work in the Zwier lab has explored the hydrogen bonding networks that
large, flexible biopolymers adopt in the gas phase.2,3,4 The inclusion of ESI
allows for larger species of interest to be produced in the gas phase. The
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McLuckey group foundations include work contributing to the fundamental
understanding of ion activation and dissociation mechanisms.5,6,7 By comparing
the results from IR-UV double resonant spectroscopy to high level density
functional theory (DFT) calculations the structure of the gas phase ions can be
deduced. The high resolution structural detail of the ions present in the mass
spectrometer can lead to new insights regarding these fundamentals.

3.1

Final Design and Electronics

The design of the instrument has been described in a recent publication.8
The description here will be more detailed. The instrument consists of two axes,
the “MS axis” and the “spectroscopy axis.” A schematic is shown in Figure 3.1.
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Figure 3.1: Schematic of the ion optical elements of the Instrument.

The vacuum system consists of a 6” conflat cube containing the source
region, a 6” conflat 4-way cross connected to a 8” conflat 6-way cross via a zero
length reducing flange to contain q1 and q2 (Kurt J. Lesker and Co., Hastings,
England and MDC Vacuum Products, Hayward CA). The second ion deflector is
centered in the 8” conflat cross and serves as the intersection of the MS and
spectroscopy axes. The q3 and detector assembly is housed in a final 8” conflat
nipple. The cold trap is housed in a second 8” conflat 6-way cross. The first ion
deflector, q1 and q2 are all Extrel CMS components and mount together using
the supplied flanges (Extrel Custom Mass Spectrometry, Pittsburgh PA). The ion

35
sources are mounted in a pair of 6” conflat flanges mounted on the source cube.
These sources are of a design developed in Oak Ridge National Lab with no
modifications for this project.9 A miniature ion funnel has been incorporated to
increase ion transmission efficiency and will be described in a later chapter. The
q1 rodset is a standard 3/8” rod diameter mass filter rodset whereas q2 is a 3/8”
“tri-filter” rodset which contains brubaker lenses on the entrance and exit. The
deflector, q1 and q2 assembly are mounted onto a pair of 3/8” polished stainless
rods (McMaster Carr, Chicago IL) which are welded to a 6” conflat flange which
mounts to the 6” conflat cube. This flange also contains the q2 trapping gas
feedthrough and the electrical feedthroughs for all potentials except for the q2 RF
waveforms. The ion path is vertically centered on the 6” conflat cube. The
lateral position is defined by the first ion deflector being centered in the conflat
cube containing the ion sources. The q2 rodset has been modified to allow for
dipolar excitation across both sets of rods by electrically isolating each individual
rod. This required the rodset be removed from the stainless steel housing and
an extra hole drilled in the housing to allow for an additional RF post. The four
q2 RF leads are located on the top flange of the 6” 4-way cross. This location
allows for shorter RF leads and thus less capacitive load on the RF supply.
These modifications allow q2 to be operated as a high pressure LIT with MSAE
capabilities for ion isolation and activation.
The second ion deflector is mounted on another set of mounting rods
welded into a conflat flange mounted on the 8” 6-way cross 90° with respect to
the q1/q2 assembly. The selection of Kurt Lesker components for the 6” cube, 4-
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way cross and 8” 6-way cross and MDC vacuum products for the 6-8” zero length
adapter, 8” nipple and ‘cold-side’ 8” 6-way cross (with 9” spherical center) led to
the ability to center the second ion deflector on the spectroscopy axis and having
it mount directly to q2 with the original Extrel mounting hardware and no custom
chamber fabrication. There are two transport quadrupoles spanning a differential
pumping aperture to transport ions from q2 to the cold trap via the second ion
deflector. These two transport quadrupoles are of a geometry previously
employed in the McLuckey lab. The rod mounts have been redesigned to
combine the mounting housing, lens mounts and a mounting flange in a single
Vespel component. The transport quads are mounted to a homebuilt minimum
thickness gate valve (TGV) based on the designs from Prof. O’Connor.10 The
only modifications were to include passages to route the RF leads for the
transport quads within the center of the 8” conflat flange, simplifying the in vacuo
wiring necessary.
The cold trap is of the design Rizzo adapted from Gerlich’s design and is
described in detail in the description of the second EPFL instrument.11 The trap
consists of 22-poles with an inscribed radius of 5.5 mm and length of 40 mm.
Each 1 mm diameter rod has the final few millimeters machined down to 0.5 mm
diameter. These are then placed in copper blocks containing 22 mounting holes
with 1 mm diameter. The copper blocks have 1 mm O.D. and 0.5 mm I.D.
ceramic bushings installed in every other hole such that one block will be isolated
from the “even” numbered rods and the other block will be isolated from the “odd”
numbered rods. The radial trapping RF waveform is applied in a 180° out of
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phase fashion to these two copper blocks. The copper blocks are mechanically
and thermally attached but electrically isolated from a copper base. A polished
copper heat shield surrounds the open portion of the trap to slow diffusion of the
trapping gas pulse from the trap and limit blackbody thermal contamination.
Electrical isolation is accomplished through the use of sapphire spacers (Valley
Design, Santa Cruz CA). Thermal conductivity is enhanced by compressing a
sheet of indium foil between all copper-copper and copper-sapphire interfaces.
Lenses with 6 mm diameter apertures facilitate axial injection and ejection of ions.
Figure 3.2 is a photograph of the assembled 22-pole trap on the copper mounting
block.

Figure 3.2: Photograph of assembled 22-pole ion trap.

The cold trap assembly is mounted to the 4 K stage of a Sumitomo Heavy
Industries RDK-408E2 cold head with some strips of indium foil acting as a
thermal conductor (Sumitomo Heavy Industries, Allentown PA). An aluminum
heat shield is mounted to the 50 K stage of the cold head and surrounds the 4 K
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trap to prevent blackbody heating from the surrounding vacuum chamber. The
electrical leads for all potentials associated with the 22-pole and the helium gas
line are wrapped several times around the heat shield to limit thermal
contamination of the cold trap. The pulse valve (series 9, Parker, New Britain CT)
is mounted to the heat shield and the trapping gas pulses enter the 4 K portion of
the assembly through a short Teflon tube. Initially a PTFCE (Kel-F) poppet was
used, however this material was found to be brittle at low temperatures which
lead to a couple of premature poppet failures. Currently a Teflon poppet is being
used with good results. The entire cold head assembly is mounted to an
adjustable length 8” conflat bellows which allows for the trap to be centered on
the spectroscopy axis (MDC vacuum). A photograph of the assembled cold head
and trap is shown as Figure 3.3.
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Figure 3.3: Photograph of 22-pole ion trap installed on cryostat.

After ions in the cold trap have been irradiated and re-cooled for a short
amount of time they are brought back through the transport quads and turned
into the q3 assembly via the 2nd ion deflector. There have been many iterations
regarding the q3 rodset in an attempt to maximize trapping and MSAE efficiency.
The current q3 is an experimental 5” long 6 mm rod diameter metal rodset with
stainless steel housing from Sciex (MDS Sciex, Concord ON, Canada). The ions
are trapped and analyzed via MSAE. A Channeltron type 4773G continuous
electron multiplier (Photonis, Sturbridge MA) is located ~5 mm from the nickel
mesh covered exit lens to collect and amplify the ion signal. The conversion
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dynode has been moved from a 45° orientation to a 0° position, parallel to the
acceptance aperture of the multiplier. This change has been shown in the lab to
both improve negative ion performance and high mass detection efficiency. The
q3/detector assembly is mounted to another set of mounting rods welded into an
8” conflat flange coming off of the final 8” conflat nipple (MDC vacuum). All
electrical leads are connected to the same flange, enabling the simple removal of
the q3/detector assembly for detector changes, rodset cleaning or maintenance.
The vacuum system consists of three stages of differential pumping. The
ion sources are pumped down to 0.5-5 Torr by two stage rotary vane roughing
pumps (NT16, Leybold Vacuum, Export PA). The MS axis is pumped by a 300
L/s turbomolecular pump under the source cube and two 700 L/s turbo pump
located on the 4-way and 6-way crosses (SL300 and SL700, Leybold Vacuum).
Since the trapping gas is introduced directly into q2, and the housing is not
optimized for minimum conductance the two 700s are required to handle the gas
load from q2. The pressure of this chamber is ~5x10-7 Torr without q2 gas, and
~8x10-5 Torr with optimized q2 trapping gas. The cold trap is pumped with
another 700 L/s turbo pump with the ~1” orifice in the TGV acting as a
conductance limiter. The cold trap portion of the instrument has a base pressure
of 9.5x10-9 Torr with the TGV closed which climbs to a maximum of ~5x10-6 Torr
with the TGV blade open and trapping gas being pulsed.
The instrument widely utilizes custom electronics to maximize functionality.
The experiment is clocked by an Argos controller from FLIR technologies
(formerly Griffin Analytical Technologies, West Lafayette IN). The Argos supplies
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many transistor-transistor logic (TTL) and analog outputs, two arbitrary
waveforms for driving analysis and dipolar supplies, a pre-amp and data
collection software. Many of the lenses are switched between two states over
the course of an experiment, a trapping setting and an ejection setting for trap
lenses and the two turning conditions for the two ion deflectors. The two
potentials are supplied by 8-channel +/- 500 VDC bipolar power supplies
(Spectrum Solutions, Russellton PA) and selected via a 10-channel homebuilt
switchbox via transistor-transistor logic (TTL). These switchboxes are of the
same design developed in the McLuckey lab. After a couple of years running at
the 10 Hz repetition required by the lasers it was found that the lifetime of the
relays is greatly reduced at repetition rates > 5 Hz due to thermal stress. The
most common failure mode has been a short circuit between the two input
channels which manifests as an unresponsive voltage display on the power
supply. A prototype new design which utilizes transistor based switching instead
of relays has approximately 6 months of time on the instrument as of the writing
of this document, and should be finalized shortly.
The ion funnel, q1 and transport quads use a simple, self-resonant
vacuum tube based RF generator. The design is derived from one presented by
O’Connor, with minimal modifications.12 Since the supplies are simple RLC
based RF amplifiers (based on a “tank circuit”) the final drive frequency and
available amplitude will be based on the number of turns on the drive inductor,
and combined capacitance of the circuit and load. With no load and all available
inductor turns in use the available range is approximately 800 kHz to 2.5 MHz
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and 1500 V0-p of amplitude with a 500 V input. Under load the frequencies
available will scale proportionally to (Lload*Cload)-1/2. The 22-pole trap is driven by
a self-resonant transistor based RF amplifier.13 Frequency and maximum
amplitude are both more limited in the transistor supply, however the onboard
high voltage DC supply allows the output to be ramped, or stepped quickly during
each step of a scan function. The hysteresis present in the tube based RF
supplies makes a ramp or fast amplitude changes impractical.
The q2 and q3 LITs are driven by a homebuilt precision, high power RF
amplifier. These amplifiers, which have been given the moniker “silverboxes”
due to their appearance, were briefly described in the thesis of David Erickson.14
The original design that was inherited by the spectroscopy project was
inadequate for what the necessary requirements ended up being. The largest
problems were heat management and power draw. All of the high power
components of the supplies are contained in the bottom compartment, beneath
the coils. The base of the coils is a ½” plate of Teflon, which prevents any heat
from diffusing out of the bottom section. When operated near 1 kV0-p (about 1/3
of the desired maximum output) the RF output circuitry was drawing more current
than the high voltage DC board (HVDC) was rated to generate. By paralleling
multiple high voltage FETs on this board, JAFCI senior technician Rob Oglesbee
was able to generate the voltages required for experiments with a modest mass
range (~450 Da with the current Sciex q3). However, the cooling group was also
significantly undersized and could not be expanded within the confines of the
chassis. This led to heat soak of the heat sinks and eventual FET failure. In the
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early stages these FET failures would cascade through a majority of the high
power circuitry and require a day of downtime to repair. The HVDC board was
further protected from transients by a thermistor and the other components were
protected from a HVDC board failure through a fast blow fuse. Overheating of
the HVDC board is still relatively common, but now only requires replacing the
board with a spare and sending the broken one to JAFCI for replacement of the
FETs and protection fuse. Total downtime for this failure is now down to less
than an hour. The boards were reconfigured in the given space to enhance the
cooling, resulting in the ability to push the mass range closer to 750 Da routinely.

3.2

Total UV Photofragment Scan Technique

In previous cold UV ion spectroscopy instruments the ions were ejected
from the cold trap and into a quadrupole mass filter (QMF) for mass analysis.
The QMF would be set to pass only a single mass channel of photofragment,
with all other masses being lost. When operated in this mode a mass filter has a
transmission efficiency of 5-35%, depending on geometry, pressure and how
close to the apex the a and q values are.15 The timescale of the ion packet
ejected from the cold trap is approximately 1 ms long. This timescale is not
compatible with scanning a QMF over multiple masses. For a precursor which
dissociates efficiently into several different mass channels the losses associated
with the use of a mass filter can become quite severe.
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The Instrument at Purdue relies on a linear ion trap to trap the ions ejected
from the cold trap and collect an entire mass spectrum for each laser shot via
MSAE. The data is split at the output of the pre-amp with one data line going to
the Argos controller for monitoring the MS data and the other data line entering a
digital oscilloscope (3014C, Tektronix, Beaverton, OR). This scope is monitored via
a GPIB connection and custom LabVIEW software which allows for a mass
channel to be integrated and recorded as a function of laser wavelength
(LabVIEW 8.2, National Instruments). Under relatively low resolution conditions
the MSAE efficiency is approximately 10-15%, similar to the transmission
efficiency of a QMF. The ability to collect a mass spectrum for every laser shot is
a great advantage for looking at conformer specific fragmentation trends, as will
be demonstrated later.
An alternative mode of generating a UV spectrum has been developed,
exploiting the properties of the LIT. Instead of using MSAE to mass analyze all
ions returning from the cold trap, a broadband dipolar excitation is generated
using the SxWave software developed by Frank Londry of Sciex.16 This
excitation is tuned to eject all of the remaining precursor ions which did not
undergo photofragmentation. This leaves only photofragmentation products
remaining in the trap. These ions are then ejected into the detector by applying a
large attractive potential to the q3 exit lens. The “dump” efficiency of an LIT is
much higher than the MSAE efficiency and occurs over a much shorter period,
resulting in significant signal increases. Figure 3.2 demonstrates the signal
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increase of the total photofragment scan when compared the mass selective
scans for the m/z 136 and m/z 108 mass channels in TyrH+.

Figure 3.4: Comparison of a) total photofragment UV scan, b) mass analyzed
photofragment scan of m/z 136 and c) mass analyzed scan of m/z 108. The
number of scans averaged and detection settings are equivalent across all
experiments shown.

Another important step in maximizing signal to noise was the overlapped
scan function. The UV laser used in the experiment operates at a repetition rate
of 10 Hz, requiring that the entire MS experiment be completed in 100 ms. It has
been shown by Rizzo that ions need 15-20 ms to cool in the cold trap, reducing
the amount of time available for the rest of the MS steps even further. The main
factors in signal during the experiment lie in both the amount of ion accumulation
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time in q2, and the length of the MSAE scan, since sensitivity and scan speed
are inversely related. To overcome these challenges a scan function was
developed that allowed for two ion packets to be stored in the instrument. Table
3.1 summaries the sequence of events. The total times for the major steps of the
experiment are 60 ms of ion accumulation in q2, a 60 ms analysis ramp from q3
and 25 ms cooling period in the cold trap, with long enough steps for ion
thermalization to minimize ion losses and to maximize the q2 isolation efficiency.
The q2 isolation is accomplished via a broadband isolation from the Argos control
module.

Table 3.1: Summary of events in overlapped scan function
Step #

1

2

3

4

5

6

7

Length
(ms)

5

5

10

40

10

25

5

q2
action

Ion
injection

Ion
injection

Ion
injection

Ion
injection

Cool/
isolate

Transfer
to CT

RF off

q3
action

Trap

Cool/
isolate

Scan

Scan

Scan

RF off

RF off

Transfer
to q3

RF off

RF off

RF off

RF on/
He
pulse

Trap/
Cool

Trap/
fire
laser

CT action

Another advantage of the total photofragment scan is the removal of the
pathway dependence of fragmentation from the factors determining peak
intensity. Protonated tyrosine is a good example, where the “A” and “C”
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conformers fragment relatively equally into the m/z 136 and m/z 108 channels
where conformers “B” and “D” fall primarily into the m/z 108 channel. In Rizzo’s
results this lead to conformers A and C appearing as minor contributions to the
UV spectrum when observing the m/z 108 mass channel (analogous to Figure
3.2c), whereas in the presented work these origins are all roughly equal in
intensity.

3.3

Current Capabilities

In this section the current spectroscopic and MS capabilities of the
instrument will be described. Discussion and conclusions regarding structural
details will be discussed in a later chapter.

3.3.1 UV Spectroscopy
Protonated tyrosine was chosen as the model system to show the
spectroscopic performance of the instrument. Previous examples of cold UV ion
spectroscopy instruments have used this species as their first demonstration,
perhaps due to Rizzo’s initial 2006 publication.11,17 The UV photofragmentation
spectrum of protonated tyrosine (TyrH+) has been used as a standard for
comparing the performance of these types of ion spectrometers. The
characteristics that make protonated tyrosine a good system for demonstration of
the abilities of a cold ion spectrometer include a combination of isolated, sharp
transitions in the region around the band origins for the “A” and “B” conformers
and denser vibronic activity near the origins for the blue shifted “C” and “D”. The
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UV total photofragment spectrum of TyrH+ from the new instrument is presented
in Figure 3.5. The conformer origins are labeled according to Rizzo’s original
assignments.

Figure 3.5: UV photofragment spectrum of TyrH+. Conformer labels are based
on assignments by Rizzo and coworkers. Expected position of the hotband A10 is
indicated.

The vibrational temperatures was determined by using the signal to noise
ratio of the A origin to the expected position of the A10 hotband was used as the
upper limit of the intensity of the hotband. By solving the Boltmann distribution
function for temperature a value of ~12+/- 2 K was reached. The linewidths of 3
cm-1 FWHM put the rotational temperature in this range as well. This was within
the expected internal temperature of ions in the trap. There may be a little bit
more RF heating due to machining imperfections and a lesser degree of
polishing of the copper heat shield compared to the Swiss instruments. Later
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studies of the b4 CID fragment of YGGFL, generated via in source dissociation,
and the parent of YGGFL show linewidths and hotband intensities corresponding
to ~12 K as well. This demonstrates that the instrument is capable of cooling
even relatively large species to <15 K.

3.3.2 IR Spectroscopy
As discussed earlier the structural information of the ground state is
contained in the infrared transitions. For this instrument a selected portion of the
amide hydride stretch region of the b4 fragment of YGGFL was chosen as a test
bed for the system and software. Figure 3.6 shows the IR-UV depletion double
resonance spectrum over two strong N-H stretches present in the dominant
conformer of the b4 ion of YGGFL.

3420

3440

3460

3480

3500

Wavenumbers (cm‐1)
Figure 3.6: IR-UV depletion scan of 3400-3500 cm-1 region of conformer A from
the b4 fragment ion of YGGFL generated via in-source dissociation. Peaks show
a width of 7 cm-1 FWHM.
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The signal to noise and depletion signal are comparable to that
demonstrated by Rizzo on the same chemical system.18 The next system to be
studied was the MS benchmark peptide leucine enkephalin (sequence YGGFL,
mass 555 Da), which had not been studied via cold ion spectroscopy previously.
It was found that the system did not undergo a high degree of IR induced
depletion, partially due to the broadening from nearby UV transitions. For this
reason the IR-UV gain double resonance spectroscopy was developed, based on
the infrared ion gain spectroscopy (IRIGS) technique developed in the Zwier lab
for the study of neutral species.19 The IR gain spectrum of protonated YGGFL is

Fragment Ion Intensity (arb. units)

shown in Figure 3.7 and discussed further in the next chapter.

2800

N‐H stretch region

C‐H stretch

Ph‐OH

COO‐H str
N‐H+‐π

3000

3200

3400

Wavenumbers (cm‐1)

3600

Figure 3.7: IR-UV gain spectrum of the hydride stretch region of protonated
YGGFL. Chemical regions of interest are labeled
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3.3.3 MS Capabilities
Much of the MS work with peptides revolves around the generation and
analysis of backbone fragmentation. The standard nomenclature for backbone
fragmentation indicates which terminus (N- or C-) retains the charge, how many
amino acid residues remain in the charged fragment, and which backbone bond
was broken. A schematic of this nomenclature is shown using and arbitrary
tripeptide in Figure 3.8.

Figure 3.8: Schematic of peptide fragmentation nomenclature.

The type of ion formed is dependent on the energies involved and the
nature of the activation method. Slow heating based methods such as collisional
activation or absorption of multiple IR photons tend to produce b- and y-type
fragments.
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The mass spectrometric performance required for the spectroscopic
purposes of the instrument is relatively modest. The limiting requirements are to
have a detection limit low enough to detect an absorption event, and high enough
resolution to adequately separate the parent and fragment mass channels. In
linear ion traps the detection sensitivity is dependent on the degree of mass
extension.20 Due to this relationship the native mass range of the LIT should
exceed the mass of the analyte of interest, in order to optimize the detection limit.
The mass range of q3 under normal operation is around 650 Da, and can be run
at 800 Da for periods of time while monitoring the heat sink temperatures within
the q3 RF supply. The mass range can be extended by reducing the excitation
frequency used for MSAE. The ejection efficiency versus excitation frequency for
MSAE has been experimentally described by previous works. Since ion
manipulation in q2 is performed at q values between 0.2 and 0.4, the q2 RF
supply temperatures are of little concern at masses below 2 kDa.
The resolution of an LIT is related to the exit barrier height, excitation
waveform amplitude, the scan rate, space charge effects and the stability of the
drive RF waveform.20 Due to this tunability of resolution, and resulting trade off in
ejection efficiency, the parameters are optimized for the experiment being
performed. For the model peptide YGGFL the photofragment with a mass
nearest the parent is the loss of the 107 Da Tyr side chain. This allows for low
resolution operation. Conversely, the b4 fragment of YGGFL very efficiently
fragments into the a4 ion upon irradiation. This mass difference of 28 Da
requires a little more resolution for reliable interpretation. Figures 3.9 and 3.10
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show spectra taken under two sets of ejection barrier and excitation frequency
amplitude corresponding to a peak width of 1.9 Da and 5 Da FWHM (resolutions
of ~300 and ~100), respectively. The detection parameters are the same
between both conditions, so the y-axis values accurately describe relative signal

Abundance (arb. units)

levels between the two conditions.
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Figure 3.9: Mass spectrum of protonated YGGFL with a 0.5 V exit barrier and
9 Vp-p excitation amplitude at 400 kHz. Peaks show a width FWHM of ~5 Da.
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Figure 3.10: Mass spectrum of protonated YGGFL with a 3 V exit barrier and
4 Vp-p excitation amplitude at 400 kHz. Peaks show a width FWHM of ~1.9 Da.

The broadband isolations also have a resolution and efficiency that must
be compatible with the requirements of the experiment. The resolution of the q2
isolation can be optimized by both adjusting the q-value of the parent ion and the
user-defined variables for the waveform in the Argos software. The frequency
range and frequency step size are defined in the Instrument Configuration file
within the software. A versatile set of conditions that has proven to be a good
compromise between waveform resolution and computational resources is a
range of 1-463 kHz (463 kHz corresponds to Ω/2 for q2) with a step size of 0.1
kHz. Within the Argos Scan Editor the user defines the frequency notches in this
waveform. Each notch definition consists of an amplitude and four frequency
components. The “start frequency” and “end frequency” values correspond to
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the frequency of the ion to be isolated. The “Pre-notch frequency” and “Postnotch frequency” values determine the steepness at which the amplitude
approaches zero on the low frequency and high frequency side of the notch. If
the pre- and post-notch frequencies are too close to the start and end
frequencies the parent will undergo some RF induced heating due to a higher
degree of off-resonant excitation. Figure 3.11 illustrates the settings used for an
isolation window of +/- 10 Da around the methyl esterified peptide YGGFL-OMe.

Figure 3.11: Conditions for q2 isolation waveform for methyl esterified YGGFL.

With proper optimization the isolation of the proton-bound dimer of YGGFL
(m/z of 1,111 Da) from the sodium-bound dimer of YGGFL (m/z of 1,133 Da, or 2%
higher in mass) while retaining >90% of the initial signal of the proton-bound
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dimer has been observed. The q3 isolation uses a more sophisticated, and
computationally expensive, form of broadband waveform. The computation is
handled by the SxWave program and is downloaded via USB to an Agilent
33220A arbitrary waveform generator (Agilent Technologies, Santa Clara, CA).
The available resolution of this strategy in mass space is significantly better than
the Argos waveform, at the significant cost of hardware and computational
resources. There has been no example on this instrument where the SxWave
resolution was unable to perform an isolation.

3.4

Practical Aspects of 22-pole Trap Operation

In this section some of the practical aspects of operating a 22-pole trap
held at 5 K will be discussed. Some of these considerations have been
experimentally described in the physics community,21 fewer still have been
described theoretically.22 However, many of these considerations are simply
passed amongst operators of 22-pole based instruments as a form of scientific
lore. Descriptions of these phenomena in this Thesis may not contribute directly
to the broader dissemination to the entire community, but may hopefully at least
educate future users of the Purdue instrument of some of the stranger behaviors
of this tricky technology.

3.4.1 Position of Ions Within the Trap
The trapping potential within an RF field of 2n symmetry will scale with the
radius, r, as r2n-2. For a quadrupolar (n=2) field this gives a quadratic potential
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along the radial axis. This results in only the center point of the trap being field
free, with all other points along the radius being subjected to some form of RF
heating. For a 22-pole trap this trapping potential adopts the form of r20, resulting
in a near zero field for much of the radial axis and very steep walls as it
approaches the termination of the field (the electrode surfaces). The result of
this is a very large effective field free trapping region per unit length of the trap.
Unfortunately, with the combination of errors associated with the
machining tolerances of the rod mounting blocks, the center to center deviations
in the rod mounting holes, the tolerances of the ceramic rod bushings, radial and
straightness tolerances of the rods there is no way to assemble a ‘perfect’ 22pole field. Additionally there will be imperfections associated with the RF
generator. The result of these imperfections is permutations to the field lines
within the device. Along the ‘field free’ region of the trapping potential surface
this will manifest as small ‘pockets’ of slightly high or lower potential, and thus
small trapping wells. The entrance and exit lenses have also been shown to
interact with the trapping potential to create local minima near the inner surfaces
of the apertures. It has been observed that at higher trap temperatures (>100 K)
the ions may sample many minima. This manifests as UV photofragmentation at
a variety of laser positions within the trap. However, when the ions are cooled to
~15 K they will be confined to the deepest of these minima. This will manifest as
a very limited region of the trap that will produce UV photofragmentation signal.
In the Purdue instrument it has been observed that the ions tend to be
sequestered to the lower right quadrant of the trap, when viewed from the UV
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entrance window. Furthermore, briefly a second UV laser was introduced in the
chamber through the UV exit window. This second laser was fixed to the same
wavelength as the primary laser but was temporally delayed by ~2 ms. It was
observed that with protonated tyrosine portions of the ion population could be
shifted within the trap by UV irradiation. Specifically, the secondary UV laser was
moved to a position of the cold trap where it did not spatially overlap the primary
beam. When the primary beam was blocked, no fragmentation from the
secondary UV laser was observed, indicating no ion population was being initially
trapped at this position. However, when both lasers were introduced the
photofragmentation signal was ~30% higher than when only the primary UV
beam was introduced. The conclusion of this test was that the ions were initially
trapped in a single pocket of the cold trap. Upon irradiation a portion of the
excited ions did not fragment, but underwent some form of heating (possibly via
fluorescence to an excited vibrational level) and were able to sample different
areas of the trap, including the volume irradiated by the secondary beam.
Another phenomenon which effects ion position is rod contamination.
Over time the rods will build up frozen atmospheric gasses, as well as hydrogen
from the stainless steel of the vacuum system. If this buildup becomes
significant it will alter the field lines within the trap and shift the stable pockets. If
a portion of the rods are cleared of their contamination, by an errant UV laser
beam for example, this can introduce a field asymmetry severe enough to
prevent ejection of ions from the trap. This will typically manifest as a burst of
photoelectron current on the detector followed by a loss of all ion signal while
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optimizing laser position. The only reliable way to recover ion signal is to heat
the trap to ~100 K via the cartridge heater. In fact, it is best to be proactive
regarding rod contamination and heat the trap to 120 K every couple of days, and
turn off the cold head ever few weeks.

3.4.2 Ion Heating Effects
There are two primary sources of ion heating which can affect the
conformations present after cooling in the cold trap. The first of these is
collisional heating in the interface. The degree to which ions are heated via ESI
will be determined by the atmosphere-vacuum interface region. Typically
transport conditions are tunable over a range including conditions where weak
interactions can be retained (e.g. microsolvation) to conditions where significant
fragmentation occurs (termed “in-source fragmentation”). Within this range will
exist barriers to isomerization which will determine the initial population of
conformations when ions are introduced into the high vacuum. The isomerization
of ions in an ESI interface has not yet been studied extensively via ion
spectroscopy, however there is data through ion mobility spectrometry which
shows cross section changes due to source conditions.23 There is a study from
the Rizzo group showing that transport conditions through a Field Asymmetric
Ion Mobility Spectrometry (FAIMS) device held at ion source pressures can result
in isomerization into new conformers.24 The second source of heating is via RF
fields. The most significant of these would be induced during the isolation of
parent ions in q2. The degree of heating will be determined by the q-value of the
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isolated ion along with the amplitude and frequency components of the
broadband isolation. For this reason the isolation is tuned by starting at a broad
window and low amplitude and iteratively ‘tightened’ up symmetrically about the
ion of interest. This strategy coupled with adequate collisional cooling times
before and after isolation will minimize heating effects. The effects of source and
RF heating can be monitored by using a ‘thermometer’ ion with known
fragmentation behavior such as tetraoctylammonium or the peptide YGGFL and
operating the instrument in q2-q3 mode (eliminating the turn and cryo-cooling
steps). Alternatively, taking UV spectra at several different source and isolation
conditions will give very sensitive information regarding ion temperatures and
isomerization between conformers, but is significantly more time consuming.
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CHAPTER 4. SPECTROSCOPY OF A MODEL PENTAPEPTIDE: LEUCINE
ENKEPHALIN

This chapter will focus on the novel spectroscopy associated with the
model pentapeptide leucine enkephalin (sequence: Tyr-Gly-Gly-Phe-Leu). The
enkephalins are a family of pentapeptides which have been shown to exhibit
agonist effects on the μ and δ-opioid receptors in the brain. Two forms of
endogenous enkephalins have been described which share the initial sequence
Tyr-Gly-Gly-Phe. Leucine enkephalin has the full sequence YGGFL while
methionine enkephalin has the sequence YGGFM. These opioid peptides share
the beginning sequence of endogenous endorphins, and share the μ-opioid
agonist activity with both endorphins and morphine.
Leucine enkephalin has been extensively studied via mass spectrometry.
The mechanisms and energetics of the fragmentation pathways have been
experimentally determined on a wide variety of instrumental setups and using a
wide variety of ion activation methods. For these reasons it has become a
standard ‘thermometer’ ion for use in determining the effective internal
temperatures of activated ions. The lowest energy pathway involves
fragmentation of the F-L amide bond, forming the b4 ion (m/z 425). The b4 ion
has a low energy pathway to lose CO and form the a4 ion at m/z 397. A fair
amount of discrepancy is present for the absolute activation energy involved in
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the formation of the b4 ion. A 2009 review article on the mass spectrometry of
YGGFL tabulates several values presented in the literature and arrives at an
average Ea of 1.21+/- 0.25 eV (116.7 +/- 24 kJ/mol). Under low energy collisional
activation the ion abundance ratio of the b4 and a4 fragments has been shown to
directly correlate with the effective internal ion temperature of the activated
parent at the instant of fragmentation.
The condensed phase crystal structure of YGGFL was studied in the
1980s. It was found that the crystal structure varied significantly between
different solvent systems the peptide was crystallized from. A 1989 study
crystallized YGGFL from pure water with the resulting structure being
characterized by a pair of β-type turns forming a 180° bend in the backbone at
the G-G-F residues and the rings of the Tyr and Phe residues situated in a close,
orthogonal relationship. The aromatic sidechain orientation is similar to the
orientation of the two rings forming the active binding moiety of morphine,
potentially explaining the pharmacology of leucine enkephalin.
Recently there have been ion spectroscopy studies of YGGFL and the
CID fragments thereof. Most of these studies have focused exclusively on
elucidating the structure of the fragment ions, with only the 2006 work out of the
Free Electron Laser for IR eXperimentation (FELIX) in the Netherlands having
presented the IR spectrum for the protonated parent. This study shows the
1000-1800 cm-1 region of room temperature YGGFL. The transitions are
relatively broad due to a combination of the high bandwidth of the laser, band
broadening at 300 K and the potential of several conformers being present. Two
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low energy conformers are presented in the work. Both structures are
characterized by a 180° bend in the backbone around the glycine residues and
the aromatic sidechains are found on opposite sides of the structure, not near
each other like the crystal structure. There is only a limited discussion regarding
the presented structures.

4.1

UV Spectroscopy of (YGGFL+H)+

The UV spectroscopy of protonated YGGFL at cold temperatures has not
been previously described in the literature. The spectrum obtained on the
Instrument at Purdue demonstrates a very dense vibronic structure with strong
transitions present in the low energy portion of the spectrum and a rapid decay of
intensity indicating a relatively small geometry change between ground and
excited states. The dense structure limits the number of baseline resolved
electronic transitions present in the entire spectrum, which is presented in Figure
4.1.
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Figure 4.1: UV total photofragment spectrum of protonated YGGFL.

The position of the UV spectrum can lend some insights as to the nature
of the chemical environment immediately surrounding the chromophore. The first
major peak for YGGFL shows up at 35,685 cm-1 versus 35,085 for bare
protonated tyrosine. The tyrosine based fragments studied previously by the
Rizzo lab also appear nearer to the free tyrosine residue than that observed for
YGGFL. The three narrow peaks in the 35,830-35,860 cm-1 region show an
average peak width of 3 cm-1 FWHM, consistent with previous studies on the
instrument. The first peak, at 35,685 cm-1 shows a width of 10 cm-1 indicating
overlapping transitions. This observation suggests two probable conditions, the
first being two origins present with similar environment about the UV
chromophore, or one conformer present with a vibrational mode in the excited
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state of ~3-5 cm-1. Low energy modes of this magnitude have been observed in
the Zwier lab on systems of similar complexity.
The solutions used for the analysis of YGGFL are on the order of 100
μmol. These concentrations have been shown to potentially form isobaric higher
order aggregates. The UV spectrum presented is expected to be of the bare,
protonated molecule due to several experimental parameters. The first of which
is that all experiments were performed under source conditions that formed a
small amount of the b4 and a4 fragments. It is expected that the non-covalent
clustering interactions would be disrupted at lower energies than those required
to form fragments. Also, a UV spectrum versus concentration study was
performed to concentrations 1/10th of those used for optimum signal to noise.
The nature of the peaks present (width, position, and relative intensities) was
unchanged throughout the concentration range, suggesting that the spectrum
presented is a result of the bare, protonated peptide. The IR spectrum
(presented below) also implies a single YGGFL moiety present in the population
studied.

4.2

IR Spectroscopy of YGGFL

The IR spectroscopy of YGGFL was previously presented in a FELIX
based paper, in the 1000-1800 cm-1 region. The matches to the two simulated IR
spectra of the calculated structures presented in that work were relatively weak.
With this in mind, the focus was to obtain high quality IR-UV double resonance
spectra of protonated YGGFL.
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It was initially observed that IR-UV depletion signal for YGGFL was lower
than expected. This was a surprise, due to the efficiency of IR-UV depletion on
the b4 ion of YGGFL, which had been previously studied on the apparatus. The
spectrum of the amide N-H stretch region of YGGFL is presented in Figure 4.2.
This scan is an average of 5 scans, whereas the IR-UV depletion scan of the b4
ion shown in the previous chapter (Figure 3.6) shows significantly better signal to
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noise with fewer ions and 3 scans averaged.
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Figure 4.2: IR-UV depletion spectrum of protonated YGGFL in the 3300-3500
cm-1range. UV laser wavelength fixed on transition centered at 35,684 cm-1.

It was postulated that the overlapping transitions were somehow
contributing to the low levels of observed depletion. In an attempt to obtain a
cleaner depletion spectrum the UV wavelength was moved off to the red side of
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the transition. The resulting IR spectrum showed fragmentation gains instead of
depletions. This was the first hint that the IR-UV gain spectroscopy, which had
not been previously described in the literature, may prove to be a powerful
technique. The UV wavelength was optimized, eventually to a position roughly
0.75 nm red of the origin. A 3-scan average of the IR gain spectrum in the same
region as Figure 4.2 is presented here as Figure 4.3 for the purpose of
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comparison.
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Figure 4.3: IR-UV gain spectrum of protonated YGGFL in 3300-3500 cm-1 region.

The reasons for the poor signal to noise in the depletion spectra yet high
signal to noise in the gain spectrum have not been elucidated at this point.
Several other observations related to the IR excited YGGFL ions will be
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mentioned further in this chapter, and as more systems are studied a better
understanding should be attainable. For the rest of the work with YGGFL the IRUV gain spectra are used as the experimental IR data. The largest negative to
relying on gain spectra is that there is no conformer specificity, which will
complicate structure assignments in the case of multiple conformers being
present. After obtaining the full IR spectrum in the 2800-3700 cm-1 hydride
stretch region a AgGaSe2 crystal was used to mix the signal and idler outputs of
the OPO/A and obtain spectra in the Amide I/II region of 1400-1800 cm-1. These
spectra are shown as Figures 4.4 and 4.5.

N‐H stretch region

Ph‐OH
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Figure 4.4: IR gain spectrum of protonated YGGFL in the hydride stretch region.
Regions of chemical interest are highlighted and labeled.
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Figure 4.5: IR gain spectrum of protonated YGGFL in the Amide I/II region.

The amide N-H stretch region of the spectrum in Figure 4.4 shows the 4
transitions which would be expected for a single conformation. Likewise, only 5
carbonyl stretches are observed in the Amide I region (1600-1800 cm-1), based
on these observations it is assumed that there is one backbone conformation
present in the ion population. The amide N-H stretches are all significantly red
shifted from the ‘free’ position of roughly 3450 cm-1 indicating that all are likely
involved with hydrogen bonds. This fact implies a compact backbone structure.
It is hard to draw a lot of chemical conclusions from the remaining transitions.
Ammonium N-H+ stretches and carboxylic acid O-H stretches both can appear
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over a wide range of positions, and widths, in this region depending on the
hydrogen bonding environment.

4.3

Structure Assignment

In order to assign a structure that corresponds to the observed IR spectra,
a conformational search followed by high level DFT calculations was employed.
The standard methodology employed in the Zwier lab was sufficient for this
system. Briefly, a force field based conformational search was performed using
the MacroModel program built into the Maestro suite of programs. The 50 lowest
energy structures from the search were then optimized and the vibrational
frequencies calculated at the MO5-2X/6-31+G(d) level of theory with a tight
convergence criterion in Gaussian09. The Steele, Rossman and Carter
computer clusters at Purdue were all used for these calculations, with Carter
having the heaviest load. Total CPU time for the ~50 low energy structures
calculated via DFT was approximately 1.5 years. Figure 4.6 shows an overlay of
the hydride stretch region and stick spectra from the 8 lowest energy structures.
To compensate for anharmonicity, the stick spectra are scaled by 0.937, to
match the experimental position of the N-H stretch region.
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Figure 4.6: Overlay of the experimental IR spectrum and 8 lowest energy
structures.

Qualitatively, the lowest three structures show the best fit to the observed
amide N-H stretch positions, pattern and intensities. Figure 4.7 shows the peak
assignments and match quality of the lowest two energy structures to the
experimental spectrum. Figure 4.8 shows the assignments in the full, high
quality, IR spectrum without the calculated stick spectra. The amide I/II region
shows a similar level of agreement between the simulated IR spectrum and the
experimental spectrum and is presented as Figure 4.9.
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Figure 4.7: Labeled overlay of experimental and the two lowest energy
structures calculated via DFT. Calculated stretch frequencies scaled by 0.937.
The hydrogen bond rings are labeled according the number of atoms involved.
Free stretches are designated as “F.”
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Figure 4.8: Labeled IR spectrum of hydride stretch region of YGGFL
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Figure 4.9: Overlay of experimental spectrum and simulated stick spectrum of
the lowest energy structure in the amide I/II region.
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The predicted IR transitions of the lowest two energy structures are
indistinguishable given the sensitivity and resolution of the instrument. The two
structures differ only in the rotation of the Tyr sidechain, which does not have any
strong interactions with the rest of the structure. Given the calculated energy
difference of only 0.33 kJ/mol, it is most likely the case that both conformers are
present in the trap. Figures 4.10-4.12 show the labeled 3D structure of the
lowest energy structure as well as several alternative views.

Figure 4.10: Lowest energy structure of protonated YGGFL with hydrogen
bonding networks labeled. Labels are the same as in Figure 4.7.
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Figure 4.11: Alternate view of lowest energy structure of protonated YGGFL.
The reinforced hydrogen bonding network is shown with hydrogen bond lengths.
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Figure 4.12: Alternate view of lowest energy structure of protonated YGGFL.
The reinforced hydrogen bonding network is indicated.

A defining feature of this structure is the unique hydrogen bonding
interaction involving the ammonium group, C-terminus and the F-L amide group,
known as the ‘proton wire’ within the laboratory. The ammonium N-H+ is
hydrogen bonded to the carbonyl oxygen of the terminal acid group, which will
cause the carboxylic acid proton to become more acidic. The C-terminal proton
is in a very close (1.7 Å) hydrogen bond to the carbonyl oxygen of the F-L amide
group. The potential repercussions of this upon ion activation are significant.
The current most accepted model of fragmentation of activated ions is the mobile
proton theory. This theory states that upon activation intramolecular proton
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transfer pathways become energetically feasible. If these proton transfers lead
to destabilization of a backbone amide bond, sequence ions can then be formed
via unimolecular dissociation. Recent high level DFT calculations have shown
protonation at the amide oxygen in YGGFL is actually more favorable at +33.5
kJ/mol (relative to protonation at the N-terminus), than protonation at the amide
nitrogen (value not reported). It was not specified in the study which amide
oxygen was protonated. A protonated amide oxygen would destabilize the amide
backbone bond sufficiently to lead to fragmentation of the backbone. If the
hydrogen bond between the C-terminus and the F-L amide bond is directly
involved in the intramolecular proton transfer pathway, this structure could
potentially explain the reason for the b4 pathway being so favorable in protonated
YGGFL. If this explanation is to be accepted, it would also carry the unusual
conclusion that the charge carrying proton is not the mobile proton leading to
backbone amide group protonation. This would also imply that the fragmentation
is proceeding through a salt bridge transition state structure containing a
protonated N-terminus, a transiently deprotonated C-terminus and a transiently
protonated amide oxygen on the backbone.
In the absence of solvent unique driving forces for structure in flexible
molecules exist. Ever since the widespread adoption of soft ionization methods
such as ESI and MALDI allowed for the facile formation of large, flexible
protonated molecules the driving force behind ion structure has typically been
attributed to ‘charge solvation.’ Here we see another potential driving force
available in the gas phase, reinforced hydrogen bonding. Fortunately this system
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is set up to explore the effects of changing the chemical groups that make up the
network.
By comparing the lowest two energy structures to the higher energy
structures it appears that the stabilizing forces behind the structure are
shortening the hydrogen bonds involved in the proton wire while retaining the
most hydrogen bond interactions on the backbone. The third through fifth lowest
structures have slightly longer hydrogen bonds. The sixth through eighth
structures have an additional free N-H group along the backbone.

4.4

Testing the Proton Wire: Preliminary Work

This section will present some preliminary work regarding further
examinations of the ‘proton wire’ hydrogen bonding network. A typical workflow
in the mass spectrometry toolkit when determining the influence of specific
moieties within the ion would be to modify the groups of interest. In the case of
the proton wire, changing either the nature of the charge carrier, or eliminating
the C-terminal hydroxyl group should break up the network. To change the
charge carrier the sodiated species (YGGFL+Na)+ was chosen, and to change
the role of the C-terminus the methyl esterified species YGGFL-OMe was
synthesized and studied. The spectroscopy and calculations are not complete at
this time, and the spectra presented here are not yet necessarily of publication
quality. This work is to be completed and fully analyzed by Nicole Burke of the
McLuckey/Zwier laboratories.
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Initially the UV spectra of both species were acquired. The spectrum of
YGGFL-OMe shows a similar profile to protonated YGGFL and was the first
system subjected to further study in the infrared region. The UV spectrum and IR
gain spectrum in the hydride stretch region are presented as Figures 4.13 and
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Figure 4.13: UV total photofragment spectrum of protonated YGGFL-OMe.
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Figure 4.14: Overlay of IR-UV gain spectrum of protonated YGGFL-OMe (top)
and protonated YGGFL (bottom). UV wavelength position for YGGFL-OMe was
281.2 nm.

As can be seen in the overlay presented in Figure 4.14 there are some
significant changes in the IR spectrum induced by replacing the C-terminal
proton with a methyl group. Perhaps most striking is the appearance of a weak
band near the position expected for a free amide N-H stretch (~3450 cm-1). The
congestion of the amide N-H stretch region makes is difficult to draw a
conclusion regarding the number of conformers present. If the slightly broader
features at 3280 and 3320 cm-1 are N-H+ stretches, analogous to the 3285 cm-1
feature found in YGGFL, then the remaining four features in the region would
indicate a single backbone conformation. Conversely, if either of these features
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are amide N-H stretches it would indicate the presence of multiple conformers
with some shared transitions. In this case some of the structure in the C-H
stretch region could be due to red shifted N-H+ transitions. Another feature of
note is that the phenol O-H stretch of the Tyr sidechain is significantly stronger in
YGGFL-OMe, but has not changed position.
Initial studies of the sodiated species have also been performed. There is
some accumulated studies describing the fragmentation behavior of YGGFL+Na
in the literature. It has been shown that the fragmentation of sodiated YGGFL
has a critical energy of 23 eV (lab frame collision energy), versus 15 eV for the
protonated species. The fragmentation pattern is also unique, with a dominant
fragment corresponding to the loss of an internal Leu residue. To more
accurately describe to probable composition of this ion it is sometimes referred to
as the [(b4+OH)+Na]+ peak. This assignment is isobaric with the native sodiated
peptide YGGF. The structure and mechanism of this fragmentation are not well
characterized.
This unique fragmentation mechanism suggests a significant effect of the
charge carrying sodium on the backbone structure of YGGFL. The cold UV and
IR-UV gain spectra are presented as Figures 4.15 and 4.16.
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Figure 4.15: UV total photofragment spectrum of sodiated YGGFL.
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Figure 4.16: Overlay of IR-UV gain spectrum of sodiated YGGFL (top) and
protonated YGGFL (bottom). UV wavelength position for YGGFL+Na was
283.535 nm.

The IR-UV gain spectrum of sodiated YGGFL has a significantly higher
degree of congestion in the amide N-H stretch region. This indicates multiple
conformers are present in the trap. The appearance of two bands in the region
expected for a free carboxylic O-H stretch indicate a significant change in the
hydrogen bonding environment around the C-terminus, and reinforces the
conclusion of there being at least two conformers. The loss of the strong, broad
features in the C-H stretch region supports the earlier conclusion during the
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discussion of protonated YGGFL that these features are due to red-shifted
ammonium N-H+ stretches.
Although these sets of data are still in the preliminary stages of analysis, it
is apparent that the backbone structure of YGGFL is greatly altered upon
removal of either of the driving forces of the “proton wire.” It is expected that the
calculated structures, in combination with fragmentation kinetic data currently
being collected in the McLuckey lab will allow for significant insights into the
relationship between structure and fragmentation behavior will be gleaned.

4.5

Mass Spectrometry of YGGFL

A commonly unreported aspect of ion spectroscopy studies is actually the
photon induced fragmentation mass spectra. A great advantage of the
Instrument at Purdue is the ability to collect a complete mass spectrum for each
laser shot. This allows for relatively easy collection of high quality mass spectra
at a variety of laser wavelength positions. As Rizzo demonstrated in the first cold
UV study of protonated tyrosine, there can exist a conformer specific
fragmentation pattern. However the short ion pulse from the 22-pole trap
coupled with the lower fragmentation efficiency and wider mass range associated
with larger biomolecular ions makes obtaining a photofragment mass spectrum
utilizing a QMF readout intractable. Of particular interest for the YGGFL study is
the relationship between the photofragment mass spectra from on-resonance UV
excitation and off-resonance UV excitation upon on-resonance IR irradiation.
These two scenarios involve different excitation processes, with one being a
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direct electronic excitation and the other having components of both vibrational
and electronic excitation. The on-resonance UV excitation photofragmentation
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spectrum is presented as Figure 4.17.
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Figure 4.17: UV photodissociation (UVPD) spectrum of protonated YGGFL at
280.24 nm. Parent YGGFL (m/z 556) has been ejected from the trap. Identities
of major fragment peaks are indicated.

This UVPD spectrum consists mainly of the known low energy fragment
ions for YGGFL. The a4/b4 intensity ratio is similar to those observed under high
energy CID conditions. The loss of 107 Da corresponds to the loss of the
tyrosine sidechain which has been shown to be a common loss of tyrosine
containing peptides under UVPD. This fragmentation pathway is thought to
originate through an electronic predissociation pathway where an excited ion
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undergoes a curve crossing onto a dissociative electronic potential energy
surface. The common CID-type fragments are thought to originate through
internal conversion of the excited ions to a highly excited vibrational level of the
ground electronic state. The photofragmentation spectrum of YGGFL under nonresonant UV excitation of an ion 100 ns after absorption of a resonant IR photon
is shown in Figure 4.18.
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Figure 4.18: UV photodissociation (UVPD) spectrum of protonated YGGFL at
280.45 nm after irradiation with an IR laser at 3394 cm-1. Parent YGGFL (m/z
556) has been ejected from the trap. Identities of major fragment peaks are
indicated.

The parent signal, UV laser powers and detection conditions were
identical for both experiments, therefore the vertical axis accurately portrays peak
intensity information. The identities of the peaks present in the mass spectrum
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are identical under both conditions. However, the 107 Da loss peak and the a4
ion intensity ratio has inverted. Owing to this being the only significant difference
between the two spectra it appears that in the ‘IR heated’ spectrum excited state
population fragments more favorably via electronic predissociation than by
internal conversion. Studies are underway to attempt to explain this
phenomenon, but little is known at this time.
The origins of the extensive fragmentation enhancement and extensive
UV spectral broadening associated with IR activation of YGGFL is still not well
understood. The degree of IR induced depletion of UV fragmentation signal is
significantly lower than that observed for the b4 fragment ion. Conversely the
degree of broadening induced by IR absorption in the b4 fragment ion UV
spectrum is negligible compared to that observed in the parent. The changes in
the mass spectrum of YGGFL are the best clue collected so far, yet is far from
sufficient to begin any serious postulating. Analogous spectra are being obtained
for the methyl esterified and sodiated species with the hopes of contributing
further insights into these excited state dynamics.
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CHAPTER 5. DESIGN AND IMPLEMENTATION OF A MINIATURE ION
FUNNEL INTERFACE

5.1

Theory of Ion Funnel Design

The primary challenge of atmospheric ionization sources is sampling the
ions into the vacuum system. The transition from atmospheric pressure to the
typical interface pressures of a few Torr causes a supersonic expansion to form.
The most common way to sample ions from this expansion was introduced by
John B. Fenn and was borrowed from neutral beam studies.1 In this interface a
skimmer cone is employed downstream of the sampling orifice, or nozzle. The
entrance orifice to the skimmer typically samples ions prior to the mach disk.
The sampling orifice of the skimmer cone normally also acts as the conductance
limiting aperture for the high vacuum system. An example of a nozzle-skimmer
interface is shown in Figure 5.1.

92

ESI emitter

760 Torr

Skimmer interface

0.5‐10 Torr

High vacuum ion optics

10‐5‐10‐4 Torr

Figure 5.1: Schematic of a common nozzle-skimmer ESI interface with sampling
capillary. Typical pressures are listed in Torr.

This type of interface has several advantages, including mechanical
simplicity and broad tunability. By adjusting the voltages of the nozzle and
skimmer the internal energy distribution of the ions entering the vacuum system
can be controlled. This potential difference is sometimes referred to as the
‘declustering potential.’ In many cases this interface ion heating can be used to
produce fragment ions via in source, or nozzle-skimmer, dissociation.2 The most
significant disadvantage of a nozzle-skimmer interface is one of ion utilization.
The sampling orifice of a skimmer cone is on the order of a few hundred microns,
significantly smaller than the millimeter scale ion plume. Another disadvantage is
that source conditions must be tuned to the mass range of interest.3
An ion funnel is an alternate form of atmosphere-vacuum interface that
was popularized by Richard Smith of the Pacific Northwest National Lab in the
late 90’s.4 In his ion funnel interface the entire supersonic expansion is sampled
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and focused through a conductance limiting aperture via a combination of radial
RF fields and an axial DC gradient. The ion funnel devices consist of a series of
thin lenses of decreasing inner diameters. An RF waveform is applied to the
lenses in such a way that each individual lens is 180° out of phase from the
neighboring lenses. The RF field will act a radial focusing force, causing the ions
to be confined near the center of the device. A linear DC gradient is applied
between the first and final lens via a resistor based voltage divider. The DC
gradient will ‘push’ the ions down the axial axis of the device. The conductance
limiting aperture is typically a flat lens with a separate DC potential applied. In
some devices a jet disrupter is installed to reduce gas load on the downstream
pumping system. A jet disrupter is a small electrode suspended in the center of
the funnel device. This aerodynamically disrupts the gas stream while a slightly
repulsive DC bias deflects ion around the jet disrupter. It has been shown that
the jet disrupter can result in a 2-3 fold decrease in gas load in the downstream
vacuum chamber with minimal ion losses.5 A lower gas load allows for a larger
sampling orifice without the expense of a larger pumping system. This results in
more efficient sampling of the ESI plume and an increase in ion signal. A
schematic of an ion funnel based ESI interface is shown in Figure 5.2.
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Figure 5.2: Schematic of a simple ion funnel based ESI interface with sampling
capillary. Typical pressures are listed in Torr.

Typically a 5-20 fold increase in ion signal is observed when an ion funnel
is used in place of a nozzle-skimmer interface.3,4 The actual gains will be
dependent on the efficiency of the original interface and the overall efficiency of
the ion funnel interface. An added advantage of a well-designed ion funnel is a
broad effective mass range that can be transmitted with a single set of
conditions.5 This is a significant advantage to mixture analysis with a broad
range of potential analyte masses.
Early ion funnel prototypes demonstrated significant m/z discrimination
effects, especially excluding smaller ions.4 It was found that if the aperture
diameter was too small relative to the lens spacing the radial trapping potential
could exceed the axial force of the DC gradient, resulting in the ions becoming
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trapped within the device. Conversely, under the same geometric condition the
radial focusing field may be insufficient to radially constrain large mass ions,
leading to losses. It was found to be difficult to initially simulate the dynamics
present in an ion funnel sufficiently to reproduce these effects. It was eventually
found that to adequately simulate the motion of ions in an ion funnel the time step
must be small relative to the RF period (400-800 kHz). In lower pressure ion
optical devices an average potential well can be used to accurately simulate
focusing behaviors. The small time step, collisional modeling at >1 Torr and
explicit treatment of the oscillatory radial field makes accurate modeling of most
ion funnels difficult or impossible using traditional ion modeling software (e.g.
SimION) on personal computers.
A current direction of ion source development is moving ion funnels to
higher pressures. This is driven by the development of a funnel in the Smith
group that experiences near unity efficient ion transport of ions from the entrance
through the conductance limiter. Once unity transport efficiency is reached the
bottleneck becomes sampling the ESI plume via the sampling orifice of the
instrument. As the orifice is enlarged the ion sampling efficiency will increase
with the orifice surface area. Meanwhile the conductance of the sampling
capillary, and thus gas load demanded of the pumping system, will rise with the
cube of radius. This compromise lead to the introduction of dual funnel
interfaces consisting of ‘high pressure’ (15-30 Torr) and ‘low pressure’ (1-2 Torr)
ion funnels with an intermediate conductance limiter between the funnels.6 The
next development has been to move the ESI emitter into the vacuum system.7 If
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the pressure can be raised to a pressure permitting electrospray operation
theoretically the ion utilization efficiency of the mass spectrometer will approach
the ion formation efficiency of the ESI mechanism. This would represent an
approximately 100 fold increase from the common nozzle-skimmer interfaces.
As the efficiency of ion funnel based sources has climbed, so has the
complexity. To pass the broadest mass range possible and prevent trapping
fields the lenses are made thin and spaced very closely together. This resulted
in the increase of the number of electrodes from 28 electrodes in the early
prototype, to greater than 100 for the same length (~3.5” in this comparison).5
This causes the devices themselves to be more difficult to machine and construct
and requires development of more powerful RF supplies. Ion funnels represent
very large capacitive loads, on the order of nanoFarads. The parallel metal
plates in a low pressure gas act as a series of parallel plate capacitor.
The implementation of ion funnels on custom mass spectrometers
requires a lot of consideration of the many variables. The mounting strategy,
available pumping systems, available budget, available machining capabilities
and RF supply power and frequencies must all be considered. This is further
complicated by the difficulty of accurately simulation ion behavior within the
device.

5.2

Development of a Miniature Ion Funnel

The Jarrold group’s aptly named paper “Ion Funnels for the Masses”
introduced a new aspect to ion funnel design, simplicity.8 The development of
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ion funnels has been dominated by the Smith group, culminating in the highly
efficient, and highly complex, SPIN source.7 In the 2005 work the Jarrold group
showed a small, simple and efficient design which was adaptable to many
homebuilt interfaces.
The McLuckey group has long been utilizing the ‘Oakridge’ ionization
interface for custom mass spectrometry instrumentation.9 The interface is based
on a standard thickness conflat flange with a 3” diameter hole bored ~85% of the
total depth of the flange out. A 0.75” hole is bored through the flange centered in
the cavity to interface to the high vacuum. Radially, four 0.5” I.D. ports are bored
into the cavity and vacuum lines interface with these ports to pump out the center
portion to 0.5-2 Torr. A lens with a 0.02” conductance limiting aperture is
attached to the flange with an O-ring seal isolating the source cavity from the
main vacuum chamber (“A2”). There have been several combinations of lenses
developed in the laboratory, but the standard interface was a stack of two lenses
attached to the A2 lens. The “front” of these lenses had a snout which samples
ions after the mach disk. On the front side of the flange a plate with a 0.006”
sampling orifice is affixed via an o-ring seal (“A1”). This simple interface has
proven to be very useful for studying a wide range of analytes. The
disadvantages of this interface include low ion utilization efficiency and tricky
tuning conditions. The disadvantages lead to a desire to adapt Jarrold’s idea of a
simple ion funnel to the versatility of the ‘Oakridge’ interface mounting scheme.
The Jarrold funnel design consists of 26 total electrodes. The first 10 had
a constant 38.1 mm (1.5”) I.D. The final 16 lenses decrease linearly from 36.3
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mm to 7.9 mm, followed by a DC only 1.8 mm conductance limiting aperture
acting as an extraction lens. The DC gradient is accomplished by connecting the
lenses with a chain of 180 kΩ ¼ W resistors and applying DC potentials to the
entrance and exit lenses. The RF potentials are applied via application of 180°
out of phase potentials applied to two series of capacitors, one for the ‘even’
electrodes and one for the ‘odd’ electrodes. The electronic components are
attached to the 0.51 mm thick lenses via beryllium copper spring clips. The
lenses are spaced 5.1 mm apart by delrin spacers. The resulting funnel is
considered compact at 5” long and approximately 3.5” in diameter. The novel
aspect of this funnel is a large inter-lens spacing while retaining a transmission
range of 75-3000 Da and 94% efficiency. This spacing is efficient due to the
large I.D. of the final lens not establishing intense radial trapping fields allowing
for the local gas dynamics to collisionally focus the ions into the conductance
limiting aperture.
While the Jarrold design ion funnel is considered a compact funnel, the
diameter is still not compatible with the 3” total diameter of the cavity of the
Oakridge interface, or the 1.25” mounting circle on the existing A2 lenses. For
these reasons a design was developed which scaled the design down to 40% of
the Jarrold funnel. The resulting design consisted of 12 lenses with a 0.600” I.D.
followed by 11 lenses with radii decreasing from 0.550” to 0.05.” The lenses are
spaced 0.075” apart via a 0.05” alumina spacer and a 0.025” copper tab which
acts as the attachment point for the electronic components. The lenses are
mounted on two 0-80 threaded rods which are threaded into the A2 lens and
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covered with Teflon tubing to isolate the lenses from A2. The funnel is housed
within a 3” aluminum extension which attaches to the A1 mounting points on the
interface flange. Since the mounting hardware is unchanged from the other
interfaces available in the lab it only takes ~20 minutes to switch from a funnel to
a different interface setup on a vented instrument. The lenses are shown in the
photograph in Figure 5.3 and an assembled funnel is shown in Figure 5.4. The
extended housing and wiring is shown with a funnel installed on the instrument in
Figure 5.5.

Figure 5.3: Ion funnel lenses laid out with measured I.D.s indicated. An example
of the copper tabs for spacing and electronic connectivity is shown between
lenses 17 and 18.
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Figure 5.4: Photograph of assembled ion funnel mounted to A2 plate.

101

Figure 5.5: Installed ion funnel showing wiring strategy and aluminum vacuum
housing extension snout.

5.3

Performance of the Ion Funnel

The prototype ion funnel was installed and tested in the 4-source
homebuilt mass spectrometer in the McLuckey lab. Boone Prentice was the
operator of the instrument and took a lot of the preliminary data. The goals of the
funnel were to be easy to install, be interchangeable with other source
configurations, to increase ion signal, to be more user friendly and to pass a
wider range of masses than previous interface designs. The original prototype
was soldered into place which made installation and removal a little difficult. This
was alleviated by switching to lower voltage capacitors of a much smaller form
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factor which allowed for the incorporation of screw-attached inline connectors.
The other goals were almost immediately apparent. Initial tests showed an
average of a 7-fold increase in ion signal. With a single set of conditions a
broader mass range of CsI clusters clusters could be efficiently analyzed. By
varying the field strength of the DC gradient and amplitude of RF conditions
could be tuned from completely dissociating tetrabutylammonium to retaining the
bromide bound dimer.
Two design characteristics of the ion funnel are unusual when compared
to the literature. The first of which is the odd number of lenses. This results in
an unequal number of lenses between the two RF legs which, intuitively, should
cause an unbalanced RF amplitude. The number of lenses was a byproduct of
the o-ring thickness sealing A2 in the interface cavity not being properly
considered when specifying the length of the aluminum snout. Due to the wide
range of RF amplitudes ion funnels efficiently transport ions it has not presented
a problem. A 24 lens funnel was constructed using an experimental A1 plate
with a larger relief with no significant ion gains or changes in behavior. The other
odd feature of the ion funnel is the aperture of the last lens being slightly smaller
than the lens spacing. This does result in the absence of a field free region near
the center of this lens. Since the mismatch between the aperture and the
spacing is small the significant low mass discrimination effects are not observed.
Another aspect of the design limiting the deleterious effects of the aperture size
is that this is the portion of the funnel where aerodynamic focusing becomes a
significant force.
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For the purposes of the Ion Spectroscopy instrument it is hard to overstate
the importance of the 7-fold signal increase. The experiments are still bound by
Beer’s law in terms of signal level being related to the number density of the
absorbing species. The ion funnel was not incorporated in the original design but
has become an integral part of the instrument. The low cost has also allowed for
the rapid proliferation of the funnels onto other instruments. There are currently
6 ion funnels assembled with 3 typically in daily use across the instruments
supported by McLuckey hardware.
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CHAPTER 6. MODIFICATION AND OPERATION OF A COLD QIT

When the instrument was first constructed in 2009-2010 a 22-pole trap
was built in-house. As discussed in Chapter 3 the accumulation of machining
errors can result in deleterious trapping fields off of the center axis of the trap. In
the Swiss and German assembled traps the machining of the rods is typically
done with certified precision straightness rods and tools more commonly used in
watch-making than construction of chemical instrumentation. For the in-house
trap, the rod stock was only of precision diameter, with no certification regarding
straightness, and the tooling used was designed for precision machining of larger
materials and had to be adapted to the 1 mm diameter of the rod stock. Through
the Chemistry Department there is not access to the necessary equipment or
personnel of required training for precision machining of materials on the
millimeter scale. The resulting cold trap was installed in the instrument in
summer of 2010 and was pumped down and cold in time for a fall scientific visit
from Jaime Stearns, Ph.D. graduate of the Zwier group and Postdoctoral fellow
of the Rizzo group with experience with their first generation cold ion
spectroscopy instrument. Within a short time ions were able to be tuned through
the 22-pole trap with the ions being monitored on the second detector,
downstream of the cold trap. Ions were also able to be trapped and ejected into
the downstream detector. However after many weeks of tuning and adjusting the
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instrument it was not possible to get sufficient ion signal back into q3 to obtain a
mass spectrum. It was eventually postulated that the precision of the trap
construction was such that the ions were not able to be efficiently extracted from
the ‘front’ of the trap. This condition could be explained by modeled precision
errors of 22-pole traps when extrapolated to the likely tolerances of the Purdue
trap regarding rod straightness and deviation from parallel.1 Since the mounting
plate of the trap is not symmetric regarding electronic, gas connections and the
copper heat shield, simply reversing the trap was not practical.
Around the time that the 22-pole was determined to be non-functional Prof.
Mark Johnson of Yale University published a cold IR spectrum obtained using
electrosprayed ions cooled in a QIT attached to a cold head.2 The group’s work
utilized an IR-only messenger tagging spectroscopy method so the final
vibrational and rotational temperatures of the ions in the QIT were not able to be
determined. However, the IR features were sharp and well-resolved, indicating
that the final ion temperature was sufficient to cool the ion population to near
their ground vibrational level. With a non-functional 22-pole trap, limited budget
and the recent decommissioning of two QIT based instruments, planning began
to cool a modified QIT for cold UV spectroscopy purposes.

6.1

Modification of the QIT

Two Hitachi M-8000 ion trap mass spectrometers were decommissioned
in the McLuckey lab in the summer of 2010. These instruments consisted of an
ideal geometry QIT of slightly smaller dimensions which had been demonstrated
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to have excellent resolution and excellent high mass range performance. The
smaller dimensions of the trap made it more compatible with the dimensions of
the cold head. The original mounting of the trap was accomplished through three
metal mounting rods and precision ceramic spacers. The end cap electrodes
each contained a flat mounting surface for blocks associated with DC leads and
the dipolar excitation hardware. Between the endcaps and ring electrode were
fused silica rings which allowed for gas to be directly introduced into the trapping
volume through a port in the end cap electrodes. These containment rings were
a reasonably tight fit and deemed capable of establishing the endcap-ringendcap spacing required for operation as a mass spectrometer. Much of the
material present in the endcap electrodes was unnecessary for the operation of
the trap.
It was decided to modify a set of Hitachi electrodes to mount to the cold
head and operate as a mass spectrometer. To allow for the minimum final trap
temperature ~66% of the material of the end cap electrodes was eliminated. This
not only resulted in a significant decrease in thermal load, but brought the outer
dimensions of the trap small enough to mount with only a slightly larger
aluminum heat shield having to be made. A copper adapter block was attached
via indium-sapphire-indium sandwiches to the original flat mounting surface of
the endcaps with one set of mounting holes being slotted. Once loosely attached
to the adapter block the endcaps and ring electrode were centered and gently
compressed in a vise such that the fused silica spacers were tight and
established the required spacing. The mounting screws were then tightened

108
against the copper mounting block, with polyetheretherketone (PEEK) washers,
to secure the alignment. This adapter block was then affixed to the 4K stage of
the cold head with indium foil acting as a thermal conductor.
Due to potential interference between the pulse valve and molecular turbo
pump the vertical height of the trap had to be minimized. For this reason the 50
W cartridge heater and the temperature sensor had to be mounted on different
endcap electrodes.
A photograph of the mounted trap in the aluminum heat shield is shown in
Figure 6.1. The trap was installed and able to go cold in late spring 2011.
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Figure 6.1: Photograph of the modified Hitachi electrode set mounted on the 4K
portion of the coldhead. Positions of the heater and temperature sensor are
indicated.
6.2

Performance of the Cryo-cooled QIT

A significant advantage of the QIT was the ability to perform the
spectroscopy experiment and mass spectrometry in the same device. This
eliminates the ion losses associated with the transfer from the cold trap to q3 for
mass analysis. The first experiment performed with the QIT installed was to
simply trap ions and bring them back to q3, analogous to the 22-pole based
experiment. It was observed that this procedure showed much fewer ion losses
than those experienced with the original 22-pole trap. This served as
confirmation that the original 22-pole was the root cause of the previous year’s
difficulty.
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The overlap scan function, broadband isolation in q2 and broadband
ejection of precursor ions had not been developed at this time. For those
reasons fill times of precursor ions were limited to 30 ms and UV spectra were
obtained by monitoring single mass channels on the oscilloscope. Regardless of
the limitations present UV spectra were able to be obtained. Having UV
photofragmentation signal was an invaluable advance in the construction of the
instrument and allowed for the optimization of cooling variables and for proper
tuning of the instrument. For the initial spectra the instrument was operated by
directly filling the cold QIT, isolating parent protonated Tyr by resonance
excitation ramp and scanning the post-laser shot ions mass selectively into the
secondary detector. The best single scan spectrum of protonated Tyr is
presented in Figure 6.2(a), overlaid with a scaled single scan from the final 22pole iteration (b).

Fragment Ion Abundance (arb. units)
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Figure 6.2: Overlay of best single scan QIT data of TyrH+ (a) and single scan
from the final 22-pole trap in total photofragment mode (b). The 22-pole
spectrum is scaled down by a factor of 20.

The QIT spectrum presented in Figure 6.2a contains significantly broader
features, significant hotband intensity and a climbing baseline when compared to
the 22-pole trap spectrum (b). All of these features indicate an ion population
with a significantly higher vibrational temperature. Final measured trap
temperatures of the QIT were 8 K versus 5.8 K measured for the 22-pole trap.
Peak widths and hotband intensities show an ion temperature close to 50-60 K
for the QIT spectrum versus 12 +/-2 K for the 22-pole trap. No condition changes
were able to bring the QIT trapped ions cooler than these temperatures. These
temperatures were considered marginal for collection of reliable IR-UV double
resonance spectra of even this relatively simple model system. For this reason
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the focus was on attempting to develop methods to minimize RF heating of the
ions within the trap instead of working on new systems. It was around this time
that the Heo group introduced their work incorporating UV spectroscopy of
protonated Tyr ions cooled in a QIT.3 In this work they present spectra similar to
that presented in Figure 6.2a with simulated profiles and hotband intensity ratios
showing vibrational and rotational temperatures of ~50 K. With independent
confirmation of effective ion temperature in a QIT being significantly heated work
progressed away from the QIT.

6.3

The Temperature Excursion

A contributing factor to the abandonment of the QIT was the event which
has become known as ‘the day the trap broke.’ After several weeks of running, it
was observed that ion signal decreased over time. It was eventually assumed
that the loss in signal was due to the buildup of frozen atmospheric gases inside
the trap. In an attempt to alleviate this issue the cold trap was heated to 100 K
via the 50 W cartridge heater. After cooling the trap back to base temperature it
was observed that the ring electrode and front endcap were shorted together.
The instrument was vented and the side of the aluminum heat shield was
removed to reveal the problem. The problem was caused by the poor thermal
qualities of the stainless steel endcap electrodes, coupled with the positioning of
the cartridge heater relative to the temperature sensor. The temperature circuit
is controlled via a feedback loop between the sensor, heater and controller
(LakeShore, Westerville, OH). A slow (0.1K/min) heating ramp is programmed
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into the controller, which uses the actual temperature from the sensor to regulate
the power sent to the cartridge heater. The 0.1 K/min heating rate is sufficient
with the 22-pole trap to maintain a minimal amount of thermal gradient across the
trap. Unfortunately the heat conductivity of stainless is 1/24th that of copper.
The result was the controller continued to send more and more power to the
cartridge heater since the heat was not transferring across the endcap electrodes
to the temperature sensor. This heating eventually lead to an intense thermal
gradient which resulted in a sufficient enough geometry change from thermal
expansion to crush the fused silica spacers. The thermal runaway was most
likely terminated when the heater reached a temperature sufficient to melt the
lead-free, high silver content solder attaching the leads. Once the trap was
cooled back down to base temperature the original geometry was re-established
and the spacer came apart, allowing the ring electrode to rest upon the endcap.
A photograph of the failed device is shown in Figure 6.3.
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Figure 6.3: Photograph of the failed trap after the thermal excursion. The
cartridge heater with desoldered connections is shown, along with the section of
spacer which fell away, allowing the ring electrode to fall.

After the temperature excursion Vespel spacers were machined and the
trap was reassembled and reinstalled. Vespel was chosen due to the good
combination of thermal conductivity, machining properties and high strength to
torsional forces. At room temperature the dielectric strength of Vespel is 22
kV/mm.4 However, the supplied material data from Dupont shows a sharp
decrease at lower temperatures, with the measured curve ending at ~50 K.
Extrapolating the curve to 10 K gave an engineering margin of ~5X for the
voltages required for operation of the QIT. However, very few materials have
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dielectric constants that remain linear from 50 to 10 K and Vespel is not one of
these materials.
Initially the protonated Tyr experiment was run with the Vespel spacers
with no improvement in UV spectra. It was at this point that the tripeptide AYK
was tuned in. When the mass range was extended to encompass AYK at 381
Da, the Vespel failed due to insufficient dielectric strength. Near this time an
offer was received from the Rizzo group to rebuild a 22-pole trap utilizing the
Purdue manufactured mounting hardware and Swiss sourced rods and ceramics.
This trap was immediately productive upon its installation in the winter of 2012,
nearly a year after the first installation of the QIT.

6.4

Scientific Advantages of the QIT

The primary advantage of using a quadrupolar field trapping device as the
cold trap is the ability to mass analyze between laser shots. This would allow for
the incorporation of the UV-UV holeburning spectroscopy employed in the Zwier
lab.5 In the study of neutrals the UV-UV holeburning (UVHB) technique is used
to distinguish what features in the UV spectrum originate from an individual
conformer. In an UVHB scan two spatially overlapped UV lasers are utilized.
The first has is fixed at the wavelength of an origin in the UV spectrum. The
second is delayed by ~100 ns and is scanned. The signal from the scanned
laser will be depleted for any transitions that are shared with the conformer
pumped by the first UV laser.
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In a cold ion trap based instrument the experiment requires an
intermediate mass analysis step. In an ion trap the experiment would be
accomplished by irradiating the ions with the fixed wavelength laser. After the
first laser the photofragments would be eliminated from the trap and the
remaining precursor ions recooled. After recooling the second, scanned, laser
would be brought through the trap and the photofragmentation recorded. The
Heo group has demonstrated some preliminary UVHB data using their ESI-cold
QIT-TOF instrument.6
Another area of promise for a cold quadrupole trap would be areas of
ion/ion reaction kinetics. In a cold trap with the feedback based heating circuit
the kinetics of ion/ion reactions could be studied with a high degree of precision.
It would also allow for the study of ion/ion reactions with certain conformations of
ions burned out of the trap using the UV spectroscopy. A modified linear ion trap
would perhaps be a better fit for the instrument, due to the increased trapping
volume and lack of RF heating upon ion injection into the trap. This is a possible
future direction of modification for the instrument.
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Appendix A Operation Notes
This Appendix will focus on describing the day to day operation of the
Instrument in hopes of disseminating some portion of the operational knowledge
acquired over the course of my tenure. This Appendix will describe many of the
pitfalls and tricks that operating this instrument entails. It is written with the goal
of educating new users, with the added hope of better explaining the daily battles.
The description will follow the workflow of the experiment, from turning the
instrument on to acquiring data.
The best way to fire up the Instrument is quite specific. The first round
should be to key on the ScanMate Pro, open the helium tanks for q2 fill and cold
trap gas and turn on the q3 silverbox. Then go to the instrument and open the
TGV and cold trap gas valve. After this, go to the front of the instrument and turn
on the q2 gas leak valve, remove the ESI septum and turn on all of the RF
supplies. At this point turn on the DC potentials and switchboxes, except for the
high voltages in the NIM bin. Go across the hall and fill a tip and install this tip on
the ESI source. Hit the run button on Argos and finally turn on the high voltages
and RF supply high current supplies. Always check for the small signal blip on
Argos from turning on the detector and check for RF potentials on the
oscilloscope from q2 and q3. After a few seconds of running the flow meter on
the cold trap helium should begin to stabilize in the 6.5-8.5 sccm range.
After turning the instrument on the discussion will turn to nano-spray tips.
The McLuckey group utilizes borosilicate glass tips pulled on a Flaming-Brown
type capillary puller. The instrument has proven to be very forgiving of the tip
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size and shape for initial spraying conditions. However, the secret to obtaining
high quality spectroscopy data in a smooth fashion is finding a tip which can
spray at a constant level for 4+ hours with a 10 μL fill volume. The required tip
will vary slightly according to the ionic strength of the solution and surface activity
of the analyte. This being said, tips which are slightly larger than most other
McLuckey instrument’s requirement tend to work better. The taper is also very
important for the long term stability of the tips, with straighter tapers working best.
Additionally the actuation of the spray voltage is important. When first getting a
tip to spray switch the L9 power supply over to the attractive setting, so an
intense dump signal will be seen upon onset. The Argos is a little slow to
respond so watching the scope trace is best for initial spray under tricky
conditions. As soon as signal is seen be prepared to adjust spray voltage, A1
voltage and tip position. It is relatively common for the spray to have a relatively
high onset voltage, but then need to be slowly reduced a few hundred volts to the
most stable condition. It is also somewhat common for a tip to take 15-20
minutes to ‘grow’ into high signal. It is best to allow the spray to do what it wants.
Most of the lens settings are very stable day to day. The exceptions to
this are the three cold trap lenses and any potentials returning from the cold trap.
The CT1b (front cold trap lens, inner snout) on the trip out of the cold trap is
particularly variable. This potential will vary up to 0.3 V per day and a 0.5 V
difference from the optimum position can result in 80% ion losses.
As mentioned in Chapter 3 the position of the ions within the trap is
variable. This variability can range from a 10% change in ion signal upon UV
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position tweaking to a 90% loss of photofragment signal from the day before.
Optimizing the UV laser position within the trap is a learned skill that comes only
from many attempts. Frequently on early attempts the user will hit the inner
portion of the ion trap with the laser. Depending on the condition of buildup this
may result in a total loss of ion signal only remedied by heating the trap. Once
ions are transferred past the CT1b lens the ‘standard’ configuration of lenses
tends to work pretty well on a day to day basis.
As mentioned in Chapter 5 the conditions of the ion funnel can be tuned
over a range from very ‘gentle’ to very ‘harsh.’ In very gentle conditions
noncovalently bound clusters can be efficiently transported. In some of the very
harsh sets of conditions only fragments of the parent ion will be observed. These
conditions will be determined by the strength of the DC gradient, the RF
amplitude and the DC potential across the last funnel lens and the conductance
limiting aperture, A2. The front lens of the funnel (‘FF’) is typically held at a
potential that is a few tens of volts less than the A1 front plate. Since the A2
potential is a major factor in determining the ion energies injected into the high
vacuum it is typically held between 40 and 80 V repulsive. This will typically
result in ion energies in the 20-40 eV range. This leaves the back lens of the
funnel (‘FB’) and the RF amplitude as the major variables in tuning. The gentlest
conditions are to have the FB potential as near to the A2 potential as possible
and the lowest RF amplitude possible to radially confine the ion of interest.
Lowering the RF amplitude results in the off-center focusing ion-neutral collisions
to be less energetic, thus introducing less RF heating effects. If still gentler
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conditions are required the A1/FF pair can be tuned to lower voltages in order to
minimize the DC gradient. An example of a relatively gentle set of conditions for
YGGFL are A1=250 V, FF=200 V, FB=65 V, A2=60 V and funnel RF=110 V on
the input. Significant fragmentation can be seen by either raising FB to 70 V or
the RF input to 130 V, with intense fragmentation resulting if both are raised. As
mentioned earlier, the source conditions determine the energies of the ions
entering the high vacuum. For this reason the einzel stack (L1 through L3),
turning quad and q2 trapping conditions must be tuned to the source conditions.
Trapping in q2 is accomplished primarily through the DC potentials on the
brubaker lenses, so these values can be very sensitive. In order to avoid beamtype fragmentation the q2 DC offset is typically held at 10-13 V. Ions are
efficiently thermalized in q2 resulting in the turning and trapping conditions in the
22-pole to be relatively stable between different chemical systems. The exception
is this is the final transport lens on the transport quads (CL2 a/b). This lens is
split into two ‘half plates’ to allow for a small degree of deflection of the ion beam.
The optimum potentials on these lenses can vary on a day to day basis, most
likely owing to a combination of power supply drift (Spectrum Solutions supplies
are not regulated) and needing to compensate for the changing trapping fields
within the cold trap.
The DC and RF values on the 22-pole trap are powerful yet sensitive tools
for optimizing signal. Fine tuning is not really feasible for these potentials so
once they are optimized for a system it is best to fine tune with the CT1 a, b, and
CT2 lenses. To avoid beam-type CID upon injection of ions into the cold trap I
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tend to have a DC offset of approximately 5 V on the rods. The DC offsets on
the transport quads typically will step the ions down this 8 V difference between
q2 and the cold trap. Typical values are 8 V on the qtrans1 DC offset and 6 V on
the qtrans 2 offset. The RF value during the trapping step in the cold trap should
be relatively high in order to ensure efficient radial trapping. This value typically
corresponds to 1.5-3 V on the input to the transistor based RF supply. Since the
trapping and cooling steps are the same in the standard overlapped scan
function this value should be started low and increased until the maximum
efficiency is seen. If cooling becomes difficult for larger systems the step can be
separated into a trap step with a high RF value and a cool step with minimal RF
potential to reduce RF heating. For the step containing the laser shot the RF
should be raised in order to trap the hot photofragments. The UV energy is well
above the critical energy for unimolecular dissociation so the kinetic energy
release of the fragmentation process will be significant. The RF value when
extracting the cooled fragments and cold parent is quite low, typically 0.5 V input
to the RF supply. This value can change day to day or even throughout the day
as buildup causes the capacitive load of the trap to change. Even though the
rise time for the RF amplitude is considered ‘fast’ when compared to the tube
based supplies the ion dump signal from q2 is faster. For this reason it is best to
bring the RF to an intermediate value (typically 0.5 V) on the step before trapping
ions. Cooling of the transistor supply is relatively poor so adequate ‘off’ time
must be incorporated over the duration of the supply.
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Optimum tuning conditions for the photofragments is slightly different than
tuning the parent into the trap. This appears to be due to mass discrimination of
slow ions by the transport quads as normally much of the signal gains can be
found in slightly decreasing the RF amplitude. The DC bias on CT1b can also
vary between optimally transmitting the parent versus the photofragments,
possibly due to the photofragments occupying different areas of the trap and thus
needing different focusing conditions.
The tuning of the entire experiment is very much a skill developed with
seat time in front of the instrument. A comfortable working knowledge of Mathieu
space and secular frequency space will ease the learning curve a tremendous
amount, but will never truly compensate for simply spending hours turning knobs
and watching the mass spectrum. Typically, turning the ions down to the cold
trap and back can be tuned to a point where only 30-50% of the ions are lost,
which is not intolerable considering the electronics and ion optics involved.
The next portion of this Appendix will focus on physical considerations of
the instrument. If the mass range for q3 is ever noticed to undergo a significant
shift from the day before it may be a sign that the silverbox has changed tuning
conditions. If this is the case JAFCI should be notified immediately and no work
shall progress until the tuning is checked.
On a similar note, with the instrument functioning on a routine basis there
is no reason to risk running in high ambient temperatures. Operating in room
temperatures above 75°F runs the risk of thermal runaway and damage to many
components. The turbo pumps and RF supplies without active cooling (all of the
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tube based supplies) are especially vulnerable to these types of conditions.
Another risk is periods of low humidity. Operating the silverboxes at less than 10%
relative humidity is a truly unnecessary risk. In these conditions static buildup
can cause extensive failures within the supplies.
Many problems associated with the instrument are due to the demanding
nature of running at 10 Hz under constantly space-charged conditions. A
repetition rate of 10 Hz is a significant challenge for ion trap based tandem mass
spectrometers coupled to atmospheric ionization sources. In fact, the Thermo
LTQ Velos was advertised as the fastest such apparatus as recent as 2009 at a
possible rate of 17 Hz for MS only operation and 10 Hz for data-dependent
MS/MS acquisition. The primary component that has been failing has been the
low voltage switchboxes responsible for switching the ion optic conditions.
These components were designed by JAFCI for use on the McLuckey homebuilt
instruments. These instruments typically operate at a 0.5-5 Hz repetition rate
which allows for adequate cooling of the switching relays. The lifetime of the
switching relays is shortened to ~50-100 million cycles at 10 Hz, which
corresponds to 1-2 years of sustained operation. Unfortunately the relays have
been discontinued which has required a new solution be developed. As
mentioned earlier this solution is a FET based switchbox which should be
finalized shortly.
The rapid repetition rate is also a large tax on the RF power supplies,
especially the silverboxes. The original application of the silverboxes was on
McLuckey instrumentation where a 25-50 ms cooling step was included at the
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end of a scan function where the RF supplies were turned off. Adapting these
supplies to a 10 Hz scan function with nearly no cooling time was a significant
challenge requiring not only the redesign of the electronics of the supplies, but
also redesigning the cooling group. The transistor RF supply also needs as
much cooling time as permitted by the scan function. The transistor supply
should also never be run without the top on due to uncontained failures when the
components are not adequately cooled.
Another component that struggles with the 10 Hz repetition rate is the
Argos controller. The controller manages data by forming a running average of
the designate number of scans (1-255) in the controller’s buffer then downloading
the averaged mass spectrum to the software via an Ethernet connection. The
controller won’t begin the next series of scans until the Ethernet download is
completed, which forms a bottleneck. If the download is not complete the Argos
controller will go to the defined standby conditions until the download completes.
This pause will cause the TTL signals controlling the lasers to not be sent until
the next Argos scan initiates which can cause power surging and other problems
with the laser. To prevent potential damage to the lasers the number of
averaged scans in the Argos software should be set high enough to allow for the
download to complete between updates. For the overlapped scan function this is
typically an average of 11-12 scans.
Since the experiment is spectroscopic in nature the signal to noise will be
dependent on the number of ions present in the 22-pole trap. A simple way to
increase ion signal is to run samples at the highest concentration that still
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exhibits gains in ESI. There is a point where the signal will become saturated
and not increase with further increases in concentration. This results in
concentrations on the order a 10-fold more concentrated than typically used in
nano-spray (a few hundreds of μM). These high concentrations lead to
significant buildup on the front plate and in the source region. To maximize the
stable ion signal the front plate must be cleaned approximately every 10 days of
operation, and the funnel must be sonicated approximately every 6 months.
The final component of the instrument is the collection of spectroscopic
data. The output of the Argos pre-amplifier is input into an oscilloscope which is
interfaced with LabVIEW software via a GPIB connection. Typically 16 laser
shots are averaged per wavelength point and then downloaded from the scope to
the computer. At this point the LabVIEW software integrates the scope data over
the user-defined time window and plots the resulting value against wavelength.
The download and integration time is significantly longer on this instrument than
on the neutral spectroscopy instruments due to the ion gate being on the order of
milliseconds as opposed to the microsecond scale packets on the TOF based
instruments. Fortunately, since Argos supplies the master clock for each 10 Hz
cycle the instrument is able to continue running the MS and firing the lasers
during this pause in the LabVIEW program. This does result in some
inefficiencies regarding ‘wasted’ laser shots and ion signal. Switching to Ethernet
or USB communication would greatly accelerate the LabVIEW acquisition.
An additional difficulty in adapting the LabVIEW software to the instrument
was developing new strategies to obtain double resonance spectra. The
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software present in the Zwier lab utilized gated integrators/boxcar averagers
which also had the capability to perform active background subtraction in real
time. The 100 μs maximum gate width of the gated integrator is incompatible
with the 2-5 ms ion packets out of q3. This required new programs being
developed to acquire the IR-UV double resonance data. Downloading and
integrating the data from the scope between laser shots is not possible via GPIB.
Therefore the IR-UV double resonance data is taken without active background
subtraction in much the same way as the UV photofragment spectra.
This instrument is a significant challenge to operate in an efficient fashion.
I have found that the key to troubleshooting an apparatus this complex is to first
take a step back whenever anything goes wrong. Check to make sure
everything is turned on and all of the scope traces are showing what they should.
Most of the time issues are related to something not being turned on, or coming
on in a state that isn’t normal.
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Appendix B Potential Upgrades
This appendix will describe potential upgrades that either were not allowed
by the budget or haven’t been fully priced or planned out. It is my hope that by
describing the potential upgrades here it will help shape future developments for
the instrument. There are potential improvements for all aspects of the
spectroscopy experiments, from source improvements to altering the
arrangement to better take advantage of the current experiment strategy. Some
of these suggestions could be easily deployed on the current instrument, others
would consist of enough modification or a long enough downtime as to not be
practical with the current vacuum system.
The first way to increase the signal to noise of the spectroscopy
experiment would be to start with more ions from the source. The ion funnel
design was not extensively tested prior to implementation. The initial strategy
was to build the prototype and see what weaknesses were present, then go to
the literature and find how to work around the design deficiencies. However, the
prototype exceeded our original goals for the final design and was implemented
with no tweaks. Now there is enough accumulated experience to know what
things could probably be improved in the design. The first of which would be to
rearrange the lenses in such a way as to eliminated the final lens which is
smaller than the lens spacing. This could be accomplished by either shortening
the lens by one lens or adding an additional constant radius lens to the front of
the funnel. If this was done the conductance limiting orifice in A2 should be
enlarged to prevent a mismatch in size with the focused ion beam. This would
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introduce more gas load for the 300 L/s turbo to cope with. On this chamber
there is enough pumping capacity to handle the additional load, however on
other systems in the McLuckey lab this solution may not be feasible.
Another potential modification would be to enlarge the sampling orifice to
take advantage of the ability of the ion funnel to work at pressures up to 3-5 Torr.
To maximize the sampling orifice I would also recommend replacing the four 0.75”
I.D. roughing lines with 1” or 1.25” lines to the instrument and perhaps shorten
the lines by rerouting them. The improved conductance may allow for lower
ultimate pressures for a given orifice diameter. An NPT port could also be easily
incorporated in the mounting snout in the funnel and could allow the
incorporation of a small auxiliary roughing pump ($2500 Leybold D4B, not
including academic discount) to aid in reducing gas load on the high vacuum
chamber. The main cost of experimenting with the ion funnel design and
sampling orifice would be one of time. The potential gains could be on the order
of 2-5 fold signal gains.
A significant area for potential ion gains would be incorporating a pre-trap
on the front end of the instrument. The lowest barrier method of incorporating a
pre-trap would be to contact Extrel regarding the production of a custom length
quadrupole and octa/hexa-pole combination with combined length of the current
q1. The Extrel housings would allow for facile mounting of the devices, and
replacing the q1 assembly would require minimal rearranging of the rest of the
ion path. There is an unused pair of SHV feedthroughs on the q1/q2 assembly
flange which would allow for the application of the required additional RF

130
waveform. The location of the additional DC feedthroughs (2) would need to be
explored. The price for this modification would be on the order of $10k and a
week or so of downtime. Depending on the length of the ion pulse exiting the
pre-trap fast switching hardware may be necessary to gate a portion of the ions
into the q2 LIT. The arrangement used to gate ions into the electrostatic ion trap
would be the ideal setup.
Another portion of the instrument that could prove to be valuable to
readdress is the ion detection circuitry. The 4773G detector has been
extensively used in the McLuckey group and has proven to be very durable and
demonstrates good high mass response. However the 402A-H detector utilized
by the Rizzo group has been used with good success as the cold trap detector
and, more recently, as the detector on the McLuckey laser/dual ion source QIT
instrument. The 401A-H is rated for a factor of 2-3 higher gain. The dimensions
and mounting circle are both very close to that utilized by the 4773G and should
allow for simple installation.
This instrument was the first in the lab to routinely utilize the Argos preamplifier. The pre-amps have proven to be quite robust and versatile which
allows for facile use on many homebuilt instruments. However, the broad
bandwidth had been observed to allow high frequency noise from RF supplies
and turbopump oscillations onto the data line. Additionally the ion dump signal
can relatively quickly exceed the maximum output voltage of the pre-amp leading
to saturation effects in the ion signal. A low pass filter has been shown to
significantly decrease the integrated noise baseline of the pre-amp when the low
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pass filter cutoff frequency is set at 800 Hz. The input impedance of any device
on the output of the pre-amp must be 50 or 75 ohm, preventing the use of any
high impedance devices without a 50 ohm terminating feedthrough. The output
range of the pre-amp cannot be corrected except by attenuating the signal
entering the input of the pre-amp. Since the q3 preamp is soldered directly to the
signal lead on the ion detector, incorporating an attenuator is impractical. The
optimal design would be to split the signal coming off of the detector into both the
Argos pre-amp for use by the Argos software and a homebuilt pre-amp setup
with multiple stages of noise filtering and amplification, similar to the detection
scheme of the electrostatic trap. This solution would probably entail $5-10k and
could produce anywhere between a factor of 1.5 and 5 fold increase in S/N.
A desired future direction of the instrument is the incorporation of ion/ion
reactions in q2. All of the components required for this ability were built under
the original CRIF grant, but sit idle in the lab for the most part. The primary
component to enable efficient ion/ion reactions in q2 is the mutual storage
generator which is currently on loan to Dr. Ryan Hilger of the McLuckey lab.
An area of the instrument which has been the focus of a couple studies
regarding potential upgrades is the 22-pole trap itself. Two suggestions have
surfaced. The first is to develop a lower order trap such as an octapole to
introduce more radial focusing while still keeping RF heating to a minimum. The
goal is to center the ions in the trap a little better so as to make experiments less
troublesome. Another suggestion has been to develop an LIT adapted for use on
the cold head. This direction has the appeal of opening up a wide variety of
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experiments that require mass analysis between laser shots or other scenarios
which would require ion manipulation in the cold trap. The difficult is developing
a mounting scheme that allows for thermal conductivity between the rods and
cold head and isolating the rods electronically to allow for dipolar excitation
without introducing uncertainty in the radial distances which would negatively
affect the mass analysis capabilities. Any design should be thoroughly tested via
simulations and in an instrument at room temperature before incorporation into
the cold ion instrument. Removal of the cold head is an extremely involved
process that can introduce many delays and utilize a lot of resources from the
laboratory.
The instrument has shown a good amount of productivity over the period
since the Swiss assembled 22-pole trap was installed. Each day of data
collection has contributed to new insights regarding optimizing the operation of
the instrument. The operation of the instrument is significantly different than
what was detailed in the original designs owing to the uses of the broadband
excitation waveforms and overlapped scan function. At this point of development
the bottlenecks are beginning to present themselves and can be addressed in a
reliable fashion. The cost and signal gains estimates presented in this appendix
are just that, estimates. There is always the risk of additional electronics driving
the cost of an upgrade upwards.
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a b s t r a c t
A novel tandem mass spectrometry based instrument for the spectroscopic interrogation of cold gas
phase polyatomic ions has been constructed. The instrument consists of a dual linear ion trap (LIT) based
triple quadrupole axis intersecting a spectroscopic axis containing a 22-pole ion trap cooled to 5 K. The
triple quadrupole axis intersects the spectroscopy axis between the second and third quadrupoles, which
are separated by an ion deﬂector that is used to direct ion injection into the cold ion trap from the second
quadrupole and subsequently to direct ions ejected from the cold ion trap into the third quadrupole. Both
the second and third quadrupoles can be operated as LITs capable of dipolar excitation across opposing
quadrupole rods. Broad-band or single-frequency waveforms can be used to effect mass selection or
mass analysis, respectively. The dual ion trapping capability allows for ion accumulation to occur in
parallel with ion spectroscopy and mass analysis, thereby improving the overall efﬁciency of the experiment. Extensive use of homebuilt equipment has allowed for maximum ﬂexibility, with capabilities for
using ion/ion reactions in the ion generation step, and IR-UV double resonance spectroscopy during ion
interrogation.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
There has been signiﬁcant research recently into the spectroscopy of biologically interesting gas phase ions generated by
electrospray ionization (ESI) coupled with modiﬁed or homebuilt
mass spectrometers [1–5]. The infrared (IR) spectra of these ions,
for example, can be compared to spectra predicted by ab initio calculations to elucidate the lowest energy gas-phase structure(s) of
these ions in the mass spectrometer, as well as any contributions
from higher energy, kinetically trapped structures. These structures
can provide insights into ion energetics, along with fragmentation
pathways [3,4,6]. Infrared spectra can be obtained by a number of
methods, including wavelength dependent IR multi-photon photodissociation (IRMPD) [3–5], gas phase “tagging” of the ion with
messenger atoms/molecules [2], or IR-UV double resonance [6].
Infrared spectra of trapped ions at room temperature, however,
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suffer from signiﬁcant spectral congestion due to the overlapping IR
spectra from multiple, energetically accessible structures, coupled
with band broadening originating from a Boltzmann distribution of
starting vibrational levels.
By cooling the ions to cryogenic temperatures the IR spectra
can be greatly simpliﬁed because the ion population is thereby
collapsed into the zero-point energy levels of the lowest energy
conformers. This cooling can be accomplished by attaching an electrodynamic ion trap to the cold stage of a cryostat. By pulsing a small
amount of helium buffer gas into the trap a few milliseconds before
the introduction of ions, the buffer gas is cooled via collisions with
the trap walls. When the ions are introduced, they collide with the
cold helium gas and are sympathetically cooled. The ﬁnal internal temperature of the ions will be determined by the ultimate
temperature of the trap, efﬁciency of collisional cooling, and any
contributions from RF heating. This ﬁnal contribution is dependent
upon operating conditions as well as upon the type and geometry
of electrodynamic trap used. Paul traps have the advantage of wide
commercial availability, along with mass analysis capabilities for
manipulation of the cold ions. However, RF heating can be significant away from the center of the trap, and efﬁciency of trapping
ions injected externally is relatively low when compared to linear
geometry multipole traps. Ions trapped in a Paul trap held at 8 K,
for example, have recently been characterized to have vibrational
temperatures ∼50 K [7]. Another geometry which has become
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trap based triple quadrupole mass spectrometer (“MS axis”) with
two off axis ion sources, and a differentially-pumped axis containing two transport quadrupoles and the cryogenically cooled
22-pole ion trap (“spectroscopy axis”).
2.1. Vacuum system and ion optics

Fig. 1. Schematic diagram of the instrument (not to scale). The quadrupoles designated q1, q2 and q3 make up the triple quad axis of the instrument, and the
transport quads labeled qtrans 1 and qtrans 2 along with the cold trap make up the
spectroscopy axis (ASGDI – atmospheric sampling glow discharge ionization; nESI
– nano-electrospray ionization).

popular in cold ion spectroscopy is the 22-pole ion trap ﬁrst
described by Gerlich and coworkers [8]. The internal ion temperature of electrosprayed ions trapped and cooled in a 22-pole ion trap
held at 5–8 K have been shown to be 10–12 K [1]. This temperature
is adequate to cool even relatively large ions (>1000 Da) so that
the ion population is almost entirely in their vibrational zero-point
energy levels [9].
For ions with a large number of stable conformers, Boyarkin,
Rizzo, and co-workers have pioneered the use of IR-UV double resonance experiments to obtain IR spectra of individual conformers
[6]. The experiment is analogous to the resonant ion-dip IR spectroscopy (RIDIRS) method used to study jet-cooled neutrals [10].
By incorporating a UV chromophore (e.g., a phenylalanine residue)
into the ion of interest, a UV spectrum can be recorded via the
fragmentation induced by absorption of a UV photon. In order to
record an infrared spectrum of an ion via IR-UV double resonance,
the wavelength of the pulsed UV laser is ﬁxed on a transition of
the conformer of interest, creating a steady-state ion signal in the
fragment mass channel(s) due to a particular conformer responsible for the UV transition. A second, tuned IR laser is then spatially
overlapped with the UV laser, but preceding it by approximately
200 ns. If the IR photon is resonant with a vibrational transition, a
portion of the ion population will absorb and become vibrationally
excited. This depletes the population of ions in the zero-point level,
appearing as a dip in the ion fragmentation signal caused by the
UV laser. Therefore, by monitoring the fragment signal versus IR
wavelength, the IR spectrum of a single conformational isomer of
the ion can be obtained. These experiments require ion temperatures low enough to eliminate overlapping UV transitions. The
resulting conformation-speciﬁc IR spectra directly probe the structures of the various conformers present, and greatly reduce the
spectral congestion inherent to room temperature IRMPD experiments. In the present paper, we describe the construction and
operation of a novel hybrid tandem mass spectrometer designed
to support cold ion spectroscopy measurements in the UV and IR
directed at ions derived from biologically relevant molecules. A
signiﬁcant novel aspect of this instrument is its ability to obtain
UV photofragmentation signal corresponding to all fragment mass
channels simultaneously, thus improving signal levels over methods that monitor only a single mass channel.
2. Instrumentation
Fig. 1 shows a diagram of the apparatus for cold ion spectroscopy. Brieﬂy, the instrument consists of two axes; a linear ion

The source region of the vacuum system consists of a 6 in.
Conﬂat (CF) cube containing two atmosphere/vacuum interfaces.
One interface is ﬁtted with a miniature ion funnel based on the
design from Jarrold and co-workers to maximize ion transmission
efﬁciency [11] and is used as an interface for nano-electrospray ionization (nESI). The other interface is used for atmospheric-sampling
glow discharge ionization (ASGDI) of volatile compounds [12].
Each interface is pumped via a 16 m3 /h rotary vane pump (NT16,
Oerlikon Leybold, Cologne, Germany). Similar atmosphere/vacuum
interface housing arrangements have been described previously
[12,13]. The rest of the MS axis is housed within a 6 in. CF 4-way
cross, zero length 6–8 in. CF adapter, 8 in. CF 6-way cross and an
8 in. CF nipple (Kurt J. Lesker Company, Clairton, PA). The high
vacuum chamber is pumped via a 300 L/s and two 700/s turbomolecular pumps (300 SL and 700 SL, Oerlikon Leybold), backed by
rotary vane pumps with pumping speeds of 10 and 16 m3 /h, respectively (Oerlikon Leybold NT10 and NT16). The cold trap is contained
in a second 8 in. CF 6-way cross, connected to the MS axis 6-way
cross by means of a thin gate valve (TGV) of the design described by
O’Connor [14]. The aperture in the TGV acts as a diffusion limiting
oriﬁce allowing the 6-way cross with the cold trap to be pumped
down to the required UHV pressures via a 700 L/s turbomolecular
pump backed by an oil free scroll pump (Oerlikon Leybold ScrollVac
30D). Base pressures with the sources closed via septa and the TGV
closed are 1 × 10−6 Torr for the MS axis and 1.5 × 10−8 Torr for the
UHV portion. Operating pressures are 8 × 10−5 Torr for the MS axis,
and a peak pressure of 5 × 10−6 Torr when trapping gas is pulsed
into the cold trap.
The ﬁrst DC quadrupole ion deﬂector, q1 and q2 are all mounted
on a single pair of 3/8 mounting rails (Extrel CMS, Pittsburgh,
PA). The MS channeltron electron multiplier (4773G, Photonis USA,
Sturbridge, MA) and q3 are mounted on a separate set of rails
to facilitate simple detector changes. The second ion deﬂector is
mounted on a third set of mounting rails, perpendicular to the
ﬁrst two and centered on the spectroscopy axis. This arrangement allows for modiﬁcations and maintenance to be performed
on either the q1/q2 assembly or q3/detector assembly without
affecting the alignment of the spectroscopy axis. The two transport quadrupoles are homebuilt and mount to the faces of the TGV
via stainless steel clamps and a Vespel rod support. The resulting
gap between the end of qtrans 1 and beginning of qtrans 2 is ∼3 mm.
The cold trap is a 22-pole ion trap based on designs used by Gerlich and Rizzo [6,8]. It is housed within a polished copper heat shield
which is attached to the 4 K stage of a closed cycle He cryostat (Sumitomo Heavy Industries, Tokyo, Japan). The inscribed radius of the
rods is 5.5 mm and inscribed radius of each endcap lens aperture is
3.5 mm. Indium foil-sapphire sandwiches facilitate thermal contact
between the heat shield and cryostat while maintaining electrical
isolation of the components. A 50 W cartridge heater coupled with
a temperature controller allows for precision temperature control
of the 22-pole trap from 4 K to 120 K (Lakeshore, Westerville, OH).
To trap and cool the ions, a pulse of ultra-pure He (99.9999%) is
introduced directly to the trap via a pulsed valve (Parker series 9)
1–3 ms before the ions are introduced. To limit thermal contamination of the cold trap, all gas lines and electronic leads are wrapped
several times around an aluminum shroud which is attached to the
50 K stage of the cryostat. A second channeltron detector mounted
on the ‘backside’ of the cold trap is used to facilitate the tuning of
lens conditions.
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Table 1
Summary of the trapping events during a mass analyzed scan function. (CT–22-pole cold trap).
Step #

1

2

3

4

5

6

7

Length (ms)
q2 action
q3 action
CT action

5
Ion injection
Trap
Transfer to q3

5
Ion injection
Cool/isolate
RF off

10
Ion injection
Scan
RF off

40
Ion injection
Scan
RF off

10
Cool/isolate
Scan
RF on/He pulse

25
Transfer to CT
RF off
Trap/Cool

5
RF off
RF off
Trap/ﬁre laser

2.2. Electronics and data collection
The instrument is controlled via a Grifﬁn Analytical Technologies Argos controller and software (FLIR, West Lafayette, IN).
The Argos controller supplies 16 independent transistor–transistor
logic channels (TTLs) and 14 independent 0–4 V analog outputs via
a high density 78 pin connector. Two homebuilt breakout boxes
separate the TTLs into individual BNC connectors, and allow the
0–4 V analog outputs to be programmed to supply up to ±14 VDC.
Voltages for the interface lenses are supplied by a dedicated 9 channel ±500 VDC supply (TD9500, Spectrum Solutions, Russellton, PA).
The DC potentials applied to the lenses for the quadrupoles and
ion deﬂectors are controlled by two banks of ±500 VDC supplies
with the conditions (trapping vs. transfer) being selected between
the two supplies via previously described homebuilt relay-based
10 channel switchboxes. The switchboxes are controlled via TTLs
pulses from the Argos controller [12]. High voltages for the ionization sources are supplied by Ortec (Ortec, Oak Ridge, TN) supplies
in a NIM-BIN (model 556 for the atmospheric sampling glow discharge ionization (ASGDI) source [15] and nESI front plate, model
659 for nESI emitter and detector biases).
The rod sets for q2 and q3 are modiﬁed to allow for operation
as linear ion trap (LIT) mass spectrometers by supplying RF voltage
to each rod individually, rather than having opposing rods shorted
together. This allows for inductively coupling 180◦ out-of-phase
AC waveforms onto opposing rods to allow for mass selective axial
ejection (MSAE) [16] and dipolar excitation for ion trap collisional
induced dissociation (IT-CID). He buffer gas is introduced directly
into q2 to improve the trapping and IT-CID performance of this rod
set. The gas leakage from the q2 housing is adequate to raise the
chamber pressure (measured at q3) to 8 × 10−5 Torr. The high voltage RF waveforms for q2 and q3 are generated with homebuilt high
power, high precision RF ampliﬁers. The q3 LIT has demonstrated
routine operation to an upper mass-to-charge ratio of 650 and resolution of ∼500 FWHM with a drive frequency of 1.0 MHz and a
420 kHz dipolar AC waveform for MSAE. The q3 RF amplitude analysis ramp is controlled via the 16-bit “Waveform 1” output from
the Argos controller. A waveform generator supplies the 420 kHz
MSAE waveform (33522A, Agilent Technologies, Santa Clara, CA). A
second waveform generator (33220A, Agilent Technologies) is used
to apply a broadband waveform to the other rod pair of the q3 rod
set to enable broadband ion excitation. The RF level in q2 is set via
an analog output from the Argos controller, programmed to scale
from 0–10 VDC using one of the aforementioned breakout boxes.
The q2 drive frequency is 926 kHz, to avoid beat patterns with the
q3 RF waveform. The q2 excitation waveform is sourced from the
14-bit “Waveform 2” output from the Argos controller. The q1 rod
set is currently operated as an RF-only ion guide to transmit the
ion beam exiting the ﬁrst ion deﬂector. The RF waveforms for the
ion funnel, q1 and the transport quadrupoles are all generated via
simple self-resonant vacuum tube based RF ampliﬁers [17]. These
ampliﬁers allow for both the RF amplitude and frequency to be
optimized to the ion of interest. The RF waveform for the cold trap
is supplied via a simple self-resonant transistor based RF ampliﬁer [18]. The faster response of the transistor based supply allows
for the RF level to be optimized during the course of a single scan
function.

Data collection is handled by splitting the signal from the Argos
pre-ampliﬁer into the “data in” in the Argos controller and a 4channel digital oscilloscope (3014C, Tektronix, Beaverton, OR). This
allows for simultaneous collection of all mass spectra via the Argos
software, and collection of selected photofragment signal via LabVIEW software already in use in the laboratory (LabVIEW 8.2,
National Instruments).
2.3. Laser systems
The work presented in this paper utilizes the frequency doubled
output of a pulsed dye laser (ScanMate, Lambda Physik) pumped
by the second harmonic of a Nd:YAG Q-switched laser (Surelite II20, Continuum, Santa Clara, CA). To avoid power saturation effects
the UV power is limited to ∼1.5 mJ/pulse with a beam diameter
of approximately 3 mm, which is larger than the ion cloud. The
laser step and data acquisition are controlled via LabVIEW. For each
individual scan, 16 shots per wavelength step are collected, using
a step size of 0.005 nm. Each population of ions in the 22-pole trap
is subjected to a single laser shot.
2.4. Materials
Tyrosine was purchased from Sigma–Aldrich (St. Louis, MO).
Acetic acid and ethanol were purchased from Mallinckrodt
(Phillipsburg, NJ). A tyrosine stock solution of 2.0 mg/mL was
prepared in a 50:50:1 ethanol:water:acetic acid solution. The
stock solution was diluted approximately ﬁve-fold to produce the
nESI working solution. Pulled borosilicate glass capillaries (Sutter
Instruments, Novato, CA) were ﬁlled with 10 L of the working
solution for nESI.
2.5. Experiment design
The Argos controller acts as the master clock for the experiment.
The total time for the execution of a single experiment is 100 ms,
determined by the 10 Hz repetition rate of the laser. The geometry
of the instrument and the Argos software allow for simultaneously
trapping ion populations in two different regions of the instrument. The events are summarized in Table 1. The scan function
begins by bringing the ions out of the 22-pole trap and trapping
them in q3. This ﬁrst step also sends a TTL to a digital delay generator which subsequently triggers the 22-pole trap pulsed valve
and laser. Simultaneously, ions begin ﬁlling q2. In the second step,
the ions in q3 are subjected to a broadband waveform calculated
via SxWave software, which has been previously described [19].
This waveform serves to eject any parent ions remaining, leaving
only photofragments in q3. Meanwhile, ions continue to ﬁll q2. In
the third and fourth steps the analysis ramp for q3 begins, and ions
continue to ﬁll q2. In the ﬁfth step the ﬁnal portion of the q3 analysis ramp is completed. The accumulation of ions in q2 is halted
by grounding one of the half plates making up the second lens in
the einzel lens stack, and a notched chirp broadband waveform is
applied to q2. The chirp is a 1 ms long sweep from 1 kHz to 463 kHz
(/2) in 0.5 kHz steps with an amplitude of 5 Vp-p . This chirp is
repeated at a rate of 0.5 kHz for the duration of the 10 ms step (i.e.,
5 sweeps/isolation step). The Argos software allows for a notch to
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Fig. 2. (a) Mass spectrum of electrosprayed TyrH+ (m/z = 182), including common fragments. (b) q2 isolation of TyrH+ using a notched broadband waveform from Argos. (c)
UV photofragmentation mass spectrum caused by a UV laser pulse resonant with the “B” conformer origin of TyrH+ (35,114 cm−1 ). (d) The corresponding photofragmentation
spectrum at the “A” origin (35,084 cm−1 ). All displayed spectra are averages of 100 individual scans.

be programmed into this waveform in such a way that the desired
parent mass is efﬁciently isolated with little apparent off-resonance
excitation of the ion. With 3 ms remaining in the ﬁfth step the delay
generator triggers the 1–2 ms gas pulse in the 22-pole cold trap (CT)
which will cool the ions. The pulse of helium enters the CT and cools
to the trap temperature via collisions with the wall of the trap. In
the sixth step the isolated parent ions are transported from q2 to
the cold trap and cooled via collisions with the cold helium. The
effective cooling time is ∼25 ms, comparable to that used in other
groups [1,2,7]. In the ﬁnal step, the 22-pole RF level is raised in
order to trap any photofragments, the q3 RF is dropped to zero to
empty any remaining ions and the delay generator sends the TTLs
for the pump laser. The next scan then begins again with the ions
in the 22-pole trap being transported and trapped in q3.
The simultaneous and independent trapping of ions in q2 and
the cold trap/q3 allows for an effective ﬁlling time for q2 of 60 ms,
a q3 analysis ramp of 60 ms and a cooling time of 25 ms in the cold
trap, all within a 100 ms timeframe, which accommodates coupling
with the 10 Hz repetition rate of the laser. The use of broadband
waveforms for isolation in q2 and parent ejection in q3 avoids the
cost, complexity and RF heating introduced via RF/DC apex isolations. The inherent limitation to the mass analyzed scan from q3 is
the ion losses associated with MSAE. This led to the development
of an additional scan mode where, instead of using MSAE to mass
selectively eject the photofragments from the trap, the broadband
excitation is used to remove the remaining parent population and
the photofragment ions are dumped into the detector by applying an attractive potential on the q3 exit lens. This results in much
smaller ion losses during detection and also allows for the collection of a photofragmentation spectrum that is the sum of the ion
signal from all of the individual photofragment mass channels.

3. Results and discussion
The performance characteristics of this instrument fall into two
categories: (i) the mass spectrometric performance including mass
range, resolution and sensitivity, and (ii) the spectroscopic performance including ion internal temperature and sensitivity.
3.1. MS performance
Signal and resolution are inversely correlated in mass analysis via MSAE from a LIT and are tuned by varying the barrier on
the q3 exit lens and the amplitude of the MSAE waveform applied
during scan-out. The instrument is typically operated under conditions that lead to peak widths at half height of approximately
1.5–2.0 m/z units wide. When the amplitude of the MSAE waveform
is tuned to the maximum available from the waveform generator
(10 Vp-p ) and the exit barrier decreased to the minimum required
to produce a stable mass spectrum, the peak widths increase to
∼7 m/z units FWHM and sensitivity increases by approximately one
order of magnitude. Fig. 2 shows typical mass spectra for each step
of a mass-analyzed UV photofragmentation spectrum, along with
two photofragmentation spectra parked on electronic origin transitions (conformer designations are the same ones introduced by
Rizzo and coworkers) [6]. The mass spectrum shown in Fig. 2(a)
is representative of the electrospray mass spectrum of TyrH+ . The
fragments correspond to the common CID losses, including NH3
(m/z 165), CO2 (m/z 147), and NH3 , H2 O (m/z 136). The spectrum in Fig. 2(b) shows the isolated parent (m/z 182) using the
notched broadband waveform in q2. In spectrum Fig. 2(c) the UV
laser has its wavelength ﬁxed on the “B” conformer origin transition (using the labeling scheme from Rizzo and co-workers) at
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Fig. 3. UV photofragment spectrum of TyrH+ . This spectrum is the sum of four 16-shot scans. The expected position of the A1 0 hotband is indicated.

35,114 cm−1 , while Fig. 2(d) shows the corresponding spectrum
with the UV laser ﬁxed on the conformer “A” origin transition at
35,084 cm−1 . Based on the geometry of the q3 rodset and the magnitude of space charge effect evident in the mass spectrum, it is
estimated that ∼104 –105 ions are recovered from the cold trap and
trapped in q3. Fragmentation efﬁciency is ∼5% for the most intense
peaks in the UV spectrum, This is a lower bound of the true fragmentation yield due to the fact that conditions are tuned for the
parent mass and there is some mass discrimination present in the
transport step to q3.
3.2. Spectroscopic performance
Inspired by the pioneering work of Rizzo and co-workers [1],
additional cryogenic ion trap UV spectroscopy instruments have
been introduced recently [7,20]. The UV photofragmentation spectrum of protonated tyrosine (TyrH+ ) has been used as a standard
for comparing the performance of these types of ion spectrometers.
The combination of isolated, sharp transitions in the region around
the band origins for the “A” and “B” conformers and denser vibronic
activity near the origins for the blue shifted “C” and “D” conformers
makes the TyrH+ UV spectrum a good indicator for evaluating the
ability of the instrument to remove congestion from vibrational hot
bands and cool the rotational temperature of the ions. Fig. 3 shows
the TyrH+ UV spectrum from the instrument described in this work.
The electronic band origins due to four conformational isomers are
labeled A–D, using the assignments originally introduced by Rizzo
and coworkers, based on their infrared spectra [6].
The UV spectrum shown in Fig. 3 was taken using the total
photofragment collection mode where the parent ion is ejected
from q3 and the remaining photofragment ions are dumped into
the detector. Peak widths are 3–3.5 cm−1 , values similar to those
reported by Rizzo and coworkers, and indicative of ion rotational
temperatures near 10 K, based again on comparison to the spectra reported by Rizzo and coworkers [6]. In their 2007 study, they
report a temperature of 12 K using the abundance of a hot band corresponding to the A0 1 transition, located 39 cm−1 below the A 00 0
transition [6]. Using the signal to noise ratio of the spectrum in
Fig. 4, an upper bound of 10–16 K is calculated for the vibrational
temperature.
The relative abundances of the conformational transitions in
the spectrum shown in Fig. 3 differ somewhat from those presented by other groups. This is, at least in part, a consequence
of the total photofragment collection mode effectively integrating
the photofragmentation signal over all fragment mass channels.
As shown in the spectra labeled (c) and (d) in Fig. 2, the fragmentation pathways are conformer dependent, with a majority of the
fragments falling into the m/z 108 channel for conformers B and
D, while conformers A and C fragment into the m/z 136 channel

with greater efﬁciency. The spectra presented in previous work
arise from monitoring individual photofragment mass channels,
due to the use of a quadrupole mass ﬁlter as the photofragment
selector on the read-out. A comparison of single scans recorded
while monitoring the total photofragment yield (Fig. 4(a)) with the
mass analyzed scans (Fig. 4(b) and (c)) clearly shows the increase
in signal obtained from collecting all fragment ions.
A major source of the signal loss from the total photofragment
scans to the mass analyzed scans, in addition to the limited number
of mass channels observed, is that MSAE is approximately 10–15%
efﬁcient at the resolutions used in this study whereas the ion dump
is expected to be >50% efﬁcient [16]. The intensity ratios of the
m/z 108 and m/z 136 scans accurately reproduce those previously
reported. It is of note that the baseline noise of the mass analyzed
scans is signiﬁcantly lower than the MSAE scans in Fig. 4(a). It is
expected that the baseline noise in the total photofragment spectra
is a combination of small amounts of residual parent and some
small contribution caused by dissociation of parent ions during the
transport from the cold trap to q3, or during the ejection of the
parent ion population.
3.3. Temperature studies
Another feature of the newly constructed instrument is the ability to control the temperature of the ion trap from 5 to 120 K with
±0.05 K precision. Fig. 5 presents the evolution of the TyrH+ UV
spectrum at trap temperatures of 5, 25 and 50 K. Temperatures
were allowed to equilibrate for 30 min, and 5 K spectra were taken
at the beginning and end of the series to control for parent ion
abundance ﬂuctuations from the nESI emitter.

Fig. 4. Comparison of (a) the total photofragment scan of TyrH+ with (b) a mass
selected scan monitoring the m/z 136 photofragment, and (c) the corresponding
scan monitoring the m/z 108 photofragment.
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experiments for recording conformer speciﬁc IR spectra. For this
purpose, a double resonance scheme similar to that used by Rizzo
and co-workers will be employed [6]. Additional mass spectrometric capabilities included in the design include formation of fragment
ions via in source dissociation, beam type CID and ion trap type CID,
along with ion/ion reactions for charge manipulation, gas phase
covalent modiﬁcation or electron transfer dissociation.
Acknowledgments

Fig. 5. Overlay of TyrH+ UV total photofragmentation spectra at 5, 25 and 50 K.
Spectra are sums of two 16 shot scans for 5 and 25 K and four 16-shot scans for 50 K.
A 3-point binomial smooth was applied to aid in peak shape comparisons.

As the temperature increases the cold transitions lose intensity as population is transferred from the zero-point levels to
vibrationally excited levels. These excited levels produce new hot
band transitions that are most easily detected to the red of the A
00 0 , but also contribute to the broadening and congestion that is
increasingly pervasive throughout the spectrum. The A0 1 hot band
transition at ∼35,045 cm−1 is readily observed in the 50 K spectrum.
Its intensity is consistent with a 50 K temperature in the trap, indicating that the sympathetic cooling in the trap is nearly complete
in cooling the ions to the trap temperature. The increasing congestion also leads to a rising baseline at higher wavenumbers. The cold
bands also broaden signiﬁcantly as their rotational temperature
rise and the baseline begins to rise to the blue (high wavenumber)
edge of the spectrum due to increased congestion and broadening.
4. Conclusions
A novel tandem mass spectrometer designed for spectroscopic
characterization of cold, polyatomic ions has been described. The
use of multiple stages of trapping has been demonstrated to allow
for unique modes of UV photofragment spectra collection using
exclusively RF-only devices and broadband waveforms applied in
a dipolar fashion. The mass spectrometric performance has been
demonstrated to be typical for homebuilt quadrupole ion trapbased instrumentation. The performance of the instrument for UV
photofragmentation spectroscopy has been demonstrated using
protonated tyrosine as a standard. Under full cooling conditions,
the vibrational temperature of the ions interrogated by the UV
laser is estimated to be about 10 K, a temperature sufﬁciently low
to cool all measurable population to the zero-point levels of the
conformational isomers.
Additional spectroscopic capabilities included in the design
but still needing to be evaluated include IR-UV double resonance
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